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Welcome Remarks 

Representatives of GASGA, ACIAR, AFHB, distinguished delegates, my colleagues in FAO, 
ladies and gentlemen: 

It is my pleasure and privilege to welcome you all to the FAO Regional Office for Asia and 
the Pacific, on behalf of the Director-General of FAO and on my own behalf. 

FAO is indeed privileged to be a partner with such distinguished institutions as the Austral
ian Centre for International Agricultural Research (ACIAR), the ASEAN Food Handling 
Bureau (AFHB), and the Group for Assistance on Systems relating to Grain After-harvest 
(GASGA). This international conference has been made possible by their collaborative 
endeavour. The Regional Association for Post Production Technologies in Asia (REAPASIA), 
catalysed by the FAO Regional Office (RAP), has made a modest contribution towards spon
soring resource persons, as has the Agricultural Engineering Services of FAO Headquarters, 
using the TCDC/ECDC partnership program. 

The preceding three decades and a half, although a period of unprecedented population 
growth, have seen substantial progress in efforts both to produce food and ensure access to 
food for all people. Over the past 30 years, the volume of agricultural production has doubled 
and world agricultural trade has increased threefold. The global per capita availability of food 
has increased from 2300 kilocalories (9600 kJ) per day in the early sixties to some 2700 kilo
calories (11300 kJ) at present, despite an increase of over 2400 million people in the world's 
population. 

Yet 800 million people in the world today go to bed hungry. As many as 192 million chil
dren under the age of five suffer from chronic or acute protein and energy deficiencies. 

Current statistics for Asia and the Pacific region are depressing. The region houses two
thirds of the world's undernourished. One person in five does not have access to sufficient 
food energy to lead a healthy, active life. Nineteen (19) of this region's 27 developing coun
tries which are members of FAO are low-income, food-deficit countries. 

We must, however, not let such disheartening statistics contain our aspirations, because 
Asia and the Pacific region has also made real progress. This vast region, home to 70% of the 
world's developing population, is not uniformly food insecure. East Asia, including Southeast 
Asian countries, has made the most rapid improvement worldwide. In two decades, it has 
halved the numbers of undernourished people, reducing the percentage from 44 to 16 of the 
total population. South Asia has also made steady, though insufficient gains. It reduced the 
percentage of undernourished population by a third from 34 to 24%, but could not manage to 
bring down the absolute numbers of undernourished people, owing to population growth. 

Apart from this record of significant achievements, FAO's study on Agriculture Towards 
2010 (AT 2010) suggests that per capita cereal production and agricultural production in gen
eral, will continue to grow, though at a lower pace. Cereal self-sufficiency ratios are likely to 
be little changed at 97% in East Asia and fall slightly from 102 to 97% in South Asia. At these 
self-sufficiency levels, net cereals imports in 2010 are likely to rise by only 2 million tonnes to 
22 million tonnes in East Asia; but may double to I million tonnes in South Asia. 

This slight to moderate projected import expansion at the end of 20 years will, to an extent, 
be balanced because import capacity will continue to grow rapidly as in the past. The percent
age of export earnings spent on food imports in the group of 26 developing countries in the 
region declined from 15 to 5% in the past two decades, and will undoubtedly decline further 
as export earnings expand. 
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Consequently, East Asia may see the percentage of population chronically undernourished 
falling from 16 to 6% and the numbers from 252 to 70 million. South Asia will also experi
ence significant progress, though it will not be enough. The percentage of undernourished 
may be halved to 12%, with the number of undernourished people falling from 271 to 202 
million. 

Rice, as you know, is not only a staple food in many countries in Asia, it is a way of life. 
The expanding agricultural economies in some countries are focusing on the international 
market. Thailand is exporting more than 5 million tonnes of rice this year and Vietnam around 
2 million tonnes. Drying is the first step in reducing quantitative and qualitative losses of grain 
after harvest. A combination of temperature and moisture control is optimal in minimising 
deterioration during the storage. Since the first is costly, then drying becomes the most cost
effective technique. Technologies are there for drying and storage of grains. Yet there have 
been relatively few successes in transferring efficient grain drying systems in this region. The 
scientists assembled here will evaluate the relevant technologies and also the obstacles to their 
adoption. Let me mention here the changed trade scenario after the Uruguay Agreement. 
Opportunities for export from Asia will be counterbalanced by international competition. To 
be an effective player in this competitive environment, quality of grain must be ensured. 

Asian countries produce over 90% of the world's rice, over 85% of its wheat, and over 
60% of coarse grains. Dramatic increases in production have not always been matched by sim
ilar improvements in postproduction handling. In the context of this conference, it is clear that 
grain drying is not simply a technical solution to a grain storage problem. If that were so, why 
is it that literally hundreds of grain dryers have been developed and yet fanners in many coun
tries of the region continue to use the roadsides to dry their grains, under less than optimal 
conditions? 

Technology has perhaps to be reorientated, from hardware solutions to software. knowl
edge-based solutions. More importantly. the frontier science and technology must be inte
grated with the local organic and experiential wisdom of farmers. 

Adoption of technologies is not enough; the small farmers who till our soils must be 
empowered to own the technologies. Access to credit or private sector support for the addi
tional resources required is essential for such empowerment. 

Participants and observers in the drying conference will. no doubt. deliberate upon availa
ble and relevant technologies. What to my mind is critical is the producers' access to and own
ership of your knowledge and expertise. 

It is now my honour and privilege to declare this GASGA International Conference on 
Grain Drying in Asia, officially open. 

7 

AZ.M. Obaidullah Khan 
FAO Assistant Director General and Regional 
Representative for Asia and the Pacific 



Keynote Address 

Mr AZ.M. Obaidullah Khan, FAO Assistant Director General and Regional Representative 
for Asia and the Pacific; distinguished participants; ladies and gentlemen: 

It is a privilege and pleasure for me to participate in this International Conference on Grain 
Drying in Asia and to present the keynote address to the distinguished scientists assembled here. 

May I extend a warm we1come to all the distinguished participants, experts, and organisa
tions present at this international conference. As has been mentioned by the FAO Regional 
Representative, Mr A.Z.M. Obaidullah Khan, this conference has been made possible by the 
collaboration of four international and regional bodies: 

• The Australian Centre for International Agricultural Research (ACIAR); 
• The ASEAN Food Handling Bureau (AFHB); 
• The Group for Assistance on Systems relating to Grain After-harvest (GASGA); and 
• The Food and Agriculture Organization, Regional Office for Asia and the Pacific. 

This is a good example of mutual collaboration, where the comparative advantage of each 
agency has come to the forefront in ensuring a conference of technical excellence. 

Never in the history of this region has grain drying taken on such critical importance, as 
Thailand and her neighbours strive to produce grains for the export markets of the world. In 
the case of rice, double and even triple cropping is now standard practice to obtain higher 
yields from the same land. The risk lies in the proximity of these harvests to the wet seasons in 
the countries involved, and the lack of comprehensive drying facilities to handle wet paddy. 
The danger of postproduction losses is increased by this intensive production and, in some 
cases, by the lack of incentives for the farmers to undertake drying procedures. 

The socioeconomic environment in which the farmers are operating is as significant as the 
physical environment in determining whether these technologies are used. In addition, exten
sion and promotion is vital to convince potential users of the value of these technologies 
before they can be fully transferred into popular use. 

As I speak, one of the worst floods on record is causing record damage to Thailand's agri
cultural economy. A most serious situation exists, where provinces with at least 8 million rai 
[ca 6.25 rai = I ha] of eultivated land are flooded. 

One million tonnes of rice may be lost from an estimate of 21 million tonnes this year. The 
only bright side of the picture is that prices for rice are expected to rise and that there will be 
no shortage of irrigation water for the second crop of rice. Last year's second crop planting 
was on about 4.1 million raL 

Animal feed production has been affected severely as a result of the damage to maize and 
soybeans, especially in Sukhothai and Phitsanulok. Maize production may now drop from 3.6 
million tonnes, by over 200,000 tonnes. Prices of maize substitutes are increasing and broken 
rice has reached 7 Baht per kilo, a record price. 

This GASGA International Conference on Grain Drying in Asia is very timely. A number 
of critical factors have been identified in earlier meetings on postharvest technologies. These 
factors include: the increased importance of the wet season crop in the total output of grains; 
the shift to more commercial cereal markets in tropical countries, with higher outputs entering 
the marketing chain; and a growth in the ability of trading countries to discriminate between 
qualities of grains. 
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At government level, there is a need to consider policy on the required infrastructure and 
framework for the farmers, processors, transporters, and marketers, to optimise the posthar
vest operations for grains. 

Research goals in the postharvest sector have included identification of ways and means to 
protect grains in production, by reduction of postproduction losses. Also, positive technolo
gies to meet the needs of producers and consumers have been sought by identifying critical 
control points in postharvest operations. 

When researchers formulate their objectives they need to consider tIrst the social, eco
nomic, political, and administrative framework surrounding the work, as well as the actual 
economic costlbenefit considerations. These points for consideration were put forward by ear
lier international seminars held by the same groups assembled here. 

It should be clarified during the conference discussions whether the barriers to progress 
arise from the policy environment, from socioeconomic considerations, or are problems with 
technical solutions. All of us must redirect our energies to becoming involved in the reframing 
of policies which may be impeding implementation of sound postproduction practices. 

This international conference is an important milestone in the history of postproduction 
technology. Thai scientists present are ready to participate to the full with international scien
tists gathered here, to ensure that a complete exchange of technical information takes place, 
with the goal of improving the quality of grain production in this and other countries, as well 
as improving international cooperation between the countries represented here. 

May I now wish your deliberations every success. 

Thank you. 
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Remarks from Conference Sponsors 

GASGA 

Mr Chainnan, ladies and gentlemen, dear friends and colleagues, at the opening of this inter
national conference, I would like to say a few words about GASGA, the group whose acro
nym you have seen on the front page of the circulars sent to all participants. 

GASGA, the Group for Assistance on Systems relating to Grain After-harvest, is a volun
tary association of organisations concerned with donor operations on grain storage, handling, 
and processing in developing countries. 

Those organisations have major involvement in most, if not all, of the following: 

• provision of professional advice; 
conduct of field projects; and 

• conduct of research and its application in relation to the problems of the postharvest sector 
of grain production. 

The association is essentially technical; it is international in character, but informal and 
limited in membership, so that its deliberations can take place more readily. 

The following organisations are the current members of GASGA: 

ACIAR Australian Centre for International Agricultural Research, Canberra, Australia; 
CIRAD Centre de Cooperation lnternationale en Recherche Agronomique pour le Develop

GTZ 
FAO 
NRI 

pement, Montpellier, France; 
Gesellschaft fOr Technische Zusammenarbeit, Eschborn, Germany; 
Food and Agriculture Organization of the United Nations, Rome, Italy; 
Natural Resources Institute, Chatham, U.K. 

GASGA's main objective is to coordinate and disseminate information and advice on 
postharvest food-crop systems, especially of grains, in order to improve policies, procedures, 
and efficiency. For this purpose, position papers on basic issues are prepared, such as on 
mycotoxins, pesticides, and the importance of the postharvest sector for development. Also, 
executive seminars are organised, and a GASGA newsletter is produced. 

The GASGA executive meets annually to review progress in its activities and to consider 
proposals for future work. In its meeting in Rome in 1994 it was unanimously agreed that 
grain drying in Asia was becoming crucial due to (a) the expanding agricultural economies of 
this region; (b) the development of a second harvest of paddy in countries where the rainy sea
son is coming soon after, thus making difficult the traditional sun drying; (c) the cost of artifi
cial drying which needs to be examined in the light of available and newly developed 
technologies; and (d) the privatisation trend evident in many places thus giving, in principle, 
more opportunities to producers and operators to benefit more directly from their investment 
and efforts. 

We are therefOl:e very pleased to see that this conference is now a reality, thanks to the 
support of many, but more particularly from the three organisers, the ASEAN Food Handling 
Bureau, ACIAR, and FAO, the last two of which, you will recall, are GASGA members. 

I wish this conference every success. 

to 

J. Faure 
CIRAD 



ACIAR 

FAO Regional Representative Mr Obaidullah Khan, distinguished guests, ladies and gentle
men: 

In the past 20 years we have seen many successes in the improvement of grain productiv
ity and quality in Asia; a fortunate legacy of the green revolution and peace. Communities 
have prospered as a result, and will continue to do so. Land, however, is a finite resource. We 
are almost at the limit of land area available for agriculture, and water, energy, and other natu
ral resources are becoming scarce. 

So precious was rice, my colleagues in the region have told me, that their parents would 
scold them if they left just one grain in their bowl! Teaching children to eat all of what they 
are given is an admirable means of reducing postharvest waste-and a great challenge in a tel
evision-programmed, consumption-orientated modem society. So too is maximising the quan
tity and quality of produce available for the plate. 

Also here at FAO Headquarters in Bangkok, we yesterday celebrated World Food Day and 
FAO's 50th Anniversary with a symposium on the theme 'Food for All'. The symposium was 
honoured to be addressed by HRH Princess Maha Chakri Sirindhorn and other distinguished 
speakers. 

Her Royal Highness noted that 'food for all' must be translated in 'nutrition for all'. Qual
ity of food is as much a vital concern as is quantity. Food for all encompasses not only pro
duction, but also minimisation of postharvest losses and maximisation of storage life and 
grain quality. 

Grain drying, along with other facets of postharvest technology will continue to play a pri
mary role in garnering the harvest, especially if greenhouse gases and global warming make 
cropping and harvesting less predictable. Grain drying methods have been part of the technol
ogy and social revolution, a hand-in-hand partnership with the green revolution, which has 
been vital in achieving food for all. 

In the coming decades, population growth, land and water availability, and community 
demand for chemical-free food will challenge our ingenuity further. This meeting sets the 
scene for directing and progressing one component: grain drying. 

In welcoming you on behalf of ACIAR, I would also like to pay tribute to my predecessor 
in the ACIAR Postharvest Program, Dr Bruce Champ. Under his stewardship, the ACIAR 
postharvest technology research partnerships in the region have contributed significantly to 
grain drying options-options that are energy efficient, cost effective, and adaptable. 

Modern sophisticated technology, on the one hand, and innovative low-technology alter
natives, on the other, have both done much to reduce time and labour per unit yield. 

The outcomes we seek-feeding people and livestock, and implementing grain drying 
technology-are matters of both individual effort and the synergy that comes from working 
together. What each of us gains from this meeting similarly relies on our individual and com
bined efforts. Over the next four days we will talk, listen, taste, and smell conference activities 
and Thai hospitality. 

I believe that GASGA's initiative in organising this conference, and the strong participa
tion in it, reflect HRH Princess Maha Chakri Sirindhorn's concluding comment at the sympo
sium yesterday. The Princess said: 

The greatest advantage is the growing sense of regional and international partnership for devel
opment ... a new spirit of technical cooperation among developing countries has emerged. This 
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stronger sense of empathy and cooperation will strengthen ... efforts to use our resources on a 
sounder and more sustainable practical basis. In this way, 'Food for All' can indeed become a 
realistic goal for everyone. 

Mr Obaidullah Khan, distinguished participants, thank you for your attention. Enjoy the 
meeting. 

AFHB 

G.l. Johnson 
Coordinator 
Postharvest Technology Program 

Mr Khan, Assistant Director General and FAO Regional Representative for Asia and the 
Pacific, representatives from GASGA, ACIAR, and FAO, ladies and gentlemen: 

May I wish all of you a very good morning and a warm welcome to the GASGA Interna
tional Conference on Grain Drying in Asia. 

On behalf of the ASEAN Food Handling Bureau based in Kuala Lumpur, Malaysia, I 
would like to express our sincere thanks to everyone in this conference who has helped us in 
organising and in making this conference a success. 

It is a privilege for the ASEAN Food Handling Bureau to be on the organising committee 
with GASGA, ACIAR and the FAO. 

As you may be aware, the Bureau is in the process of taking on some new directions itself. 
These should become clearer by next year. However, we trust our pathways will continue to 
meet and we can still all work together using the skills which have been built up in the 
Bureau. 

With this, I look forward to sharing and having more fellowship with all of you in the next 
four days in Bangkok and in this International Conference on Grain Drying in Asia. 
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INVITED PAPERS 

Setting the Scene 



Grain Quality Problems in Asia 

Bienvenido O. Juliano* 

Abstract 

Maintenance of grain quality is the major consideration in postharvest handling of grains. Grain quality is 
influenced by variety, preharvest environment, and postharvest handling. Grain breeding programs concen
trate on varietal improvement. whereas engineers improve postharvest processes to enhance grain quality. 
Major grain quality problems arise from lack of incentive to farmers, and are manifested in yellow rice, bro
kens. ageing and storage changes, variety mixing and mislabelling. and lack of screening metbods to differ
entiate among rices with similar starch properties and among special rices for rice food products. High 
aflatoxin level from fungal growth is the major problem for maize and parboiled rice. Fissuring during dry
ing is also a quality problem in maize. 

Specific grain properties relevant in drying include moisture content (water activity) and both critical 
and equilibrium moisture contents, and hull or husk tightness. Delayed drying may result in stackbuming 
of wet grain due to nonenzymic browning and microbial growth and mycotoxin production in maize and 
parboiled rice. Improper and over-drying may reduce head rice yield and aroma. Rice varieties differ in 
their critical moisture content (11-16%. below which they fissure readily) and in equilibrium moisture 
content. Further interdisciplinary research should accelerate the solution of quality problems related to 
postharvest handling of grain. 

MILLBD rice is the staple food in tropical Asia and is 
the major source of dietary energy and protein 
(Juliano 1993). The major nutrient of milled rice is 
starch (90% of dry matter) followed by protein (8% of 
dry matter). Rice is consumed mainly as boiled whole 
grain. Starch occurs as compound starch granules 3-9 
J.U11 in size and protein exists as two types of protein 
bodies 0.5-4 )!m in size (Juliano 1985). Milled rice is 
classified by iodine-colorimetric assay for apparent 
amylose content (AC) into: waxy, 1-2% milled rice 
dry basis; very low, 5-10%; low, 10-20%; intermedi
ate, 20-25%; and high, 25-33%. Final starch gelatini
sation temperature (GT), wherein 90% of the starch 
granules swell irreversibly in hot water, is classified as 
low <70°C, intermediate 70-74°C, and high 74.5-
80°C. The AC is the major influence on the texture of 
cooked rice, with waxy being the softest and most 
sticky, and high-AC low GT rices the most flaky 
(Juliano 1993). By contrast most nonwaxy maize vari
eties have high AC and intermediate GT starch. 

* Philippine Rice Research Institute-Los Banos, Pili 
Drive. University of the Philippines at Los Banos cam
pus, 4031 College, Laguna, Philippines. 
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Maintenance of grain quality is a major considera
tion in postharvest handling of grains. Grain quality is 
influenced by variety, preharvest environment, and 
postharvest handling (Juliano and Duff 1991 a) (Table 
I). Although variety is the principal factor contribut
ing to grain quality, good postharvest handling can 
maintain or even improve it. In countries with marked 
variability in temperatures during the ripening peri
ods, significant differences in grain quality have been 
reported within a variety. In tropical Asia, grain phys
iochemical properties of a variety are relatively con
stant. 

Grain quality denotes different properties to vari
ous groups in the postharvest system. To the frumer, 
grain quality refers to quality of seed for planting and 
dry grain for consumption, with minimum moisture, 
microbial deterioration, and spoilage. The miller or 
trader looks for low moisture, grain size, shape, and 
translucency. variety integrity, and high total and 
head (wholegrain) milled rice yield. Market quality is 
mainly determined by physical properties and variety 
name, whereas cooking and eating quality is deter
mined by physiochemical properties, particularly AC 
(Table 2). 



Table I. Effects of environment, processing, and variety on grain quality at different steps in the postharvest systema 

(Juliano and Duff 1991a; Juliano \993). 

Postharvest process Environment Postharvest 
handling 

Harvesting + + 

Threshing + + 

Drying + + 
Stackburning + + 
Mycotoxins + + 

Storage/ageing + + 
Pests + + 

Dehulling 0 + 

Milling + + 
Marketing 

Size and shape + 0 
Degree of milling (whiteness) + + 
Head rice + + 
Translucency + + 
Aroma + + 
Pecky grains + + 
Foreign matter + + 
Shelf life + + 

Cooking and eating 

Amylose content + 0 

Gelatinisation temperature + 0 
Gel consistency + 0 
Texture of cooked rice + + 
Grain elongation + + 

Nutrition 
Protein content + + 
Vit. A content + + 
Oil quality + + 

Seed + + 

• + - Quality affected; 0 no effect. 

Grain breeding programs concentrate on varietal 
improvement, whereas agricultural engineers look at 
postharvest processes to enhance grain quality. Grain 
quality factors important for table rice include grain 
size, shape, and translucency, colour, total and head 
milled rice yield, aroma, cooking and eating quality, 
and nutritional value. These are mainly varietal in 
nature, but are affected also by preharvest environ
ment and postharvest handling. 
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Variety Remarks 

+ Growth duration; photoperiod; degree of 
ripeness; dormancy 

+ Threshability; shattering 

+ Crack resistance 
0 Yellowing 

+ Hull/husk tightness 

+ 
+ Hull tightness, etc. 

+ Hull tightness/content 

+ Crack resistance 

+ Genetically determined 

+ Depth of grooves 

+ Crack resistance 

+ 
+ 
+ Stink bug resistance 

0 
0 

+ Vol. expansion; texture 

+ Cooking time; texture 

+ Cooked rice hardness 

+ 
+ 

+ 
+ Yellow maize 

+ Unsaturated fatty acids 

+ Viability: vigour 

Major Grain Quality Problems 

Major grain quality problems arise from lack of incen
tive to farmers to grow better quality rice, and are man
ifested in yellow rice from stackburning of wet grain, 
brokens from grain fissuring during drying, ageing, 
and storage changes, variety mixing and mislabelling 
in the trade, lack of screening methods to differentiate 
among rices with similar starch properties, lack of 
screening methods for special rices for rice food prod
ucts, and lower protein content in yield trials. High 
aflatoxin level from microbial growth on wet grain is 
the major problem for maize and parboiled rice. 



Table 2. Rice-grain apparent amylose content (AC) type preferred in various Asian countries (Juliano and Duff 1991b; 
Juliano and Villareal 1993). 

Waxy 

Laos 

Thailand (north) 

LowAC 

China (japonica) 

China-Taiwan (japonica. indica) 

Japan 

Korea, South 

Nepal 

Thailand (northeast) 

a Data from China National Rice Research Institute, Hangzhou. 

Lack of incentives to farmers 

Lack of incentives to the Filipino rice farmer to 
improve grain quality was reported by Umali and 
Duff (1990). Given the importance of quality charac
teristics for creating and stimulating demand, espe
cially among the higher income urban sector, 
transmission of price and market signals and a greater 
degree of integration at the farm to wholesale market 
level will be necessary to improve the farm gate price 
and to provide incentive to farmers to produce better 
quality rice. Moreover, improvements in grain quality 
that do not lower yields will generally benefit all rice 
consumers by lowering the cost of better quality rice. 

Problems related to drying 

Drying may be considered as the initial step of age
ing. Moisture content (water activity) is the most 
important criterion for rough rice quality (Roettger 
1982; Unnevehr et al. 1992). The traditional photo
period-sensitive rices have more synchronous flower
ing and the harvested grains have fewer immature and 
overdried grains than nonphotoperiod-sensitive rices 
(Ju\iano 1993). Domlancy prevents preharvest sprout
ing of grain (Juliano and Chang 1987). The level of 
the major aroma principle, 2-acetyl-l-pyrroline (But
tery et a!. 1983), in the aromatic variety Hieri planted 
in 17-24 farmers' fields at Kubokawa, Koehi, Japan 
during 1993-95 was similar and ranged from 60-
200% of the mean value (Fusliimi et a!. 1996). 

Delayed drying of harvested grain may result in 
grain deterioration and yellowing through stackburn
ing caused by heating of the wet grain (>20% mois
ture) through microbial and grain respiration (Phillips 
et a!. 1988, 1989). Yellowing can be simulated by 
heating grain at 60"C (Yap et a1. 1990). Yellow dis
coloured grains result from a nonenzymic browning 

Intermediate A C HighAC 

Cambodia 

Chinaa (japonica) 

Bangladesh 

China (indiea) 

India (Basmati) India 

Indonesia 

Malaysia 

Myanmar 

Pakistan 

Philippines 

Sri Lanka 

Pakistan (Basmati) 

Philippines 

Thailand (central) 

Vietnam 

Thailand (north. central, south) 
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type reaction (NRI 1991) and all varIetIes are 
affected. The slight cream colouration of aged rice 
probably involves the same mechanism. Colourless 
precursor products are first formed before discoloura
tion occurs (NRI 1991). Yellow grains are harder and 
more translucent than unaffected grains, indicating 
that mainly wet grains are affected. A prediction 
equation for stackburning has been calculated by 
Wrigley et al. (1994). 

Protein of yellow rice has lower lysine content than 
protein of sound grain and had lower net protein utili
sation and protein quality in growing rats (Eggum et 
al. 1984) (Table 3). However. moderately yellow rice 
does not produce major adverse effects when fed to 
rats and broiler chicks in nutritionally balanced diets 
(NRI 1991). Stackburning of maize of less than 
12.5% moisture bagged in polypropylene in lieu of 
jute bags has been reported, nutritionally altering the 
maize and making it less suitable for milling for food 
(Tyler 1992). Yellow rice grain is more translucent 
and has higher head rice yield than white rice grain 
(Yap et at 1990). 

Aflatoxin produced by the fungus Aspergillus fla
vus is the major problem in maize because of the 
practice of delayed drying of the grain (Wicklow 
1994). Aflatoxin results in liver disorders and cancer 
in poultry, pigs, cattle, and man. Surveys in Thailand 
indicated that aflatoxin contamination of maize was 
low at harvest and increased during storage (Siriacha 
et al. ) 991). Ears were less contaminated by A. flavus 
and aflatoxin than were the grains. Most contamina
tion started in grains that were damaged by shelling 
and were not dried properly. A 1990 survey in the 
Philippines showed that most stocks of the maize 
entering trade channels were positive for aflatoxin 
and the levels were higher than those observed on 
farms (Quitco 1991). 



Table 3. Comparison of properties, and of energy and protein utilization in rats, of four yellow milled rices from stackbuming 
of unthreshed panicles plus straw with those of three ordinary milled rices (Eggum et aL 1984; Juliano 1985), 

Property (at 14% moisture) 

Crude protein (% N x 6.25) 

Lysine (g116 g N) 

Amino acid scorea (%) 

Energy content (kJ/g) 

Balance data in growing rats 

Digestible energy (% of intake) 

True digestibility (% ofN intake) 

Biological value (% of absorbed N) 

. Net protein utilisation (% ofN intake) 

Protein qualityb (%) 

a Based on 5.5% lysine as 100% (WHO 1985). 
b Based on amino acid score X TOil 00 (FAO 1990). 

Hull or husk tightness may be a factor, as A. flavus 
can readily inoculate the ripening grain. Incidence of 
aflatoxin in rice in India is higher with incidence of 
heavy rains (cyclones) during the harvesting season 
(Tulpule et al. 1982). During the 4-day soaking step 
of parboiling, sound grain soaked in A. flavus-inocu
lated water failed to have aflatoxin, suggesting that 
reported high aflatoxin levels in soaked grain results 
from contamination of the rice grains before soaking 
(Yap et al. 1987). All brown rices tested were suscep
tible and their bran colonised by Aspergillus spp. (llag 
and Juliano 1982). Seed viability is adversely affected 
by these problems. 

Drying should consider the varietal differences in 
critical moisture content (11-160/0) below which the 
grain fissures upon moisture adsorption (Juliano and 
Perez 1993) (Table 4). All rices are resistant to fis
sures at 160/0 moisture (J uliano et al. 1993). Rough 
rice is stressed by soaking 1-3 hr in 30°C water before 
dehulling and milling in a Kett micromill. The Japa
nese have taken advantage of this phenomenon and 
adjust moisture content of grain to 150/0 so that head 

Yellow rices White rices 

7.4 8.7 

3.1 3.5 

56 64 

15.4 15.4 

96.0 96.6 

92.0 98.4 

66.4 67.2 

61.0 66.1 

52 63 

rice during milling will be high and the milled rice 
will not fissure during the cold water soaking phase of 
cooking (Satake 1994), but proper storing of the 150/0-
moisture rice may be a problem. Above 750/0 relative 
humidity, equilibrium moisture content is higher in 
waxy and low-AC rough rices than in high-AC rough 
rice (Juliano 1964) (Table 5). Such differences are 
consistent with the negative correlation of equilibrium 
water content of brown rice steeped in water at 30°C 
water with AC (Kongseree and Juliano 1972; Antonio 
and Juliano 1973), and with the absence of chalky 
regions (Antonio and Juliano 1973). Among high-AC 
translucent milled rices, equilibrium water content is 
higher in low GT than in intermediate GT rices (lRRI 
1980). Fissuring is also a major problem in maize dry
ing, because of greater susceptibility of cracked grain 
to disease and pest infestation. 

Low-temperature drying preserves the rice aroma 
principle, 2-acetyl- I-pyrroline (Itani and Fusilini 
1996). Hot-sand flash drying results in parboiling in 
the wet season, but only drying in the dry season, with 
improvement of grain translucency and milling quality. 

Table 4. Critical moisture content" for fissures in rough rice of four rices differing in crack resistance; 1990 dry and wet 
seasons at Los Banos, Laguna, Philippines (Juliano and Perez 1993). 

Variety or line namea Critical moisture contentb (% wet basis) 

CP/SLO 17 

IR60 

IR74 

IR42 

Dry season 

<10 

14 

15 

16 

a CP/SLO 17 low AC high GT; IR60, 1R74, and IR42 high AC low GT. 
b Moisture content below which rough rice fissures significantly on soaking for 1-3 hr in 30°C water. 
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Wet season 

12 

I3 

16 

16 



Table 5. Equilibrium moisture content at >75% relative humidity at 27.5°C by desorption and adsorption of four rough 
rices differing in starch properties (Juliano 1964). 

Relative humidity (%) Equilibrium moisture content (% wet basis) 

Waxy low GT 
(Malagkit {Taichung 

Glu.46) 

Desorption isotherm 

96.5 22.3 21.7 

84 16.3 16.4 

75 14.3 14.1 

Adsorption isotherma 

75 13.3 13.2 

84 15.4 15.6 

• Starting at 5% moisture. 

Ageing and storage changes 

Physiochemical changes (ageing) occur in the grain 
during 3-4 months after harvest when stored above 
15°C, resulting in higher total and head rice milling 
yield, greater volume expansion and water absorption 
during cooking, with less solids in cooking liquid, and 
a more flaky cooked rice (JuIiano 1985, 1994). The 
milled rice also develops a slight cream colour. Aged 
rice has a price premium in tropical Asia, particularly 
for rice products, but ageing reduces the stickiness of 
japonica rice. Waxy rice also undergoes ageing, and 
freshly harvested rice is preferred for rice products. 
Thus, high temperature drying reduces the quality of 
Japanese waxy rice crackers (Saito et al. 1974). Stor
age also results in loss of the more volatile compo
nents of rice aroma and of vitamins in the grain, 
particularly vitamin A. Some ageing also occurs dur
ing grain drying and probably during grain desiccation 
in the field. Insect infestation also results in quantita
tive and quality losses of stored grain (Juliano 1985). 
Growth of Tribolium castaneum larvae is negatively 
correlated with AC of rice (Vohra et al. 1980). 

The Jipids (fat) of rice located in the spherosomes 
or fat globules begin to decrease after 6 months of 
storage, while the level of free fatty acids increases 
(Aibara et al. 1986). Oxidation of the unsaturated 
fatty acids into carbonyl compounds (aldehydes and 
ketones) contributes to the stale odour of stored rice, 
mainly due to hexanal (Juliano 1985). Shelf life of 
milled rice is shorter than that of rough rice due to fat 
rancidity. 

Viability decreases during storage at ambient tem
perature, with varietal differences in mean viability 
periods (Juliano et al. 1990). 

Variety mixing and mislabelling 

Grain size and shape are mainly varietal character
istics. Variety mixing and mislabelling in the market 
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Low AC low GT High AC interm. GT Standard 
(Taichung 65) (Peta) error 

20.4 19.6 0.18** 

15.8 15.8 0.13* 

14.1 14.0 0.08ns 

13.0 12.8 0.07** 

15.0 14.8 0.09** 

is common, and variety name in the Philippines is 
used to denote particular variety types rather than the 
variety itself (J uliano et al. 1989). Some varieties also 
have variable translucency, such as IR64 (Perez et al. 
1990). Thus, consumers have a variable concept on 
the grain quality of market samples labelled by spe
cific variety names. Authentic samples are needed to 
validate data from consumer surveys. Unfortunately, 
routine variety identification of milled rice is not yet 
possible (Juliano 1995). With the approval of the 
GATT Uruguay Round trade agreement mislabelling 
of cheap imported rice as local rice is a problem being 
addressed in South Korea. 

Texture evaluation of rices with similar starch 
properties 

As many countries achieve self-sufficiency, grain 
quality has become an important breeding objective 
(Juliano and Duff 199Ib). In the Philippines and 
most of tropical Asia, the physiochemical properties 
preferred are intermediate AC and intermediate GT 
(Juliano and VillareaJ 1993) (Table 2). This type has 
soft cooked rice, with some degree of stickiness. 
Thus in the Philippines, all varieties released 
recently have these properties of intermediate AC 
and GT (Juliano 1996). Current methods for evaluat
ing cooked rice texture are not sensitive enough to 
differentiate among them. Alternative approaches 
being pursued are hardness distribution within the 
cooked grain (surface vs core) and effect of amylo
pectin staling on cooked-rice hardness. Collabora
tion among cbemists involved in national breeding 
programs should accelerate the development of such 
methods, as the problem is now common to most 
national programs. 

The Philippine Rice Research Institute (PhilRice) 
aims to achieve softer rices, similar to premium 
upland rices with 18-22% AC (Juliano and VilIareal 



1993), by slightly lowering its AC objective from 20-
25% to 18-22%. The rice has to be of low GT (for 
\8-20% AC) and intermediate OT (for 20-22% AC) 
to have the desired soft texture of freshly cooked rice 
(Juliano \996). 

Screening methods for speeial rices 

Rapid screening methods for special rices, such as 
waxy (glutinous) and nonwaxy rices ideal for use in 
local traditional rice products (Juliano and Hicks 
1996), are also important to ensure that such rice 
types are not eliminated in the breeding program. The 
local production and availability of wet-milled and 
dried flour may reverse the trend of substituting 
maize starch and wheat flour for wet-milled rice in 
traditionally rice-based products, particularly rice 
noodles and steamed fermented cakes. 

Nutritional value 

The reduction of yield and protein content in yield 
trial plots at PhilRice and IRRI has been attributed to 
insufficient available nitrogen (N) during the repro
ductive stage: split application of N fertilizer close to 
flowering has been recommended (Cassman et al. 
1995, unpublished data). Rice is the principal source 
of protein in the tropical Asian diet (Juliano 1993) 
and reduction of protein content from the mean value 
of 7.3% down to as low as 5% would reduce the 
available protein in Asian diets. Hence, protein level 
of milled rice should at least be maintained in the 
new varieties. The grain should also be free of myco
toxins that can cause human cancer. International 
efforts to improve the level of micronutrients, vita
min A, iron, and zinc in the cereal grain have been 
initiated, with rices tolerant of low levels of available 
iron and zinc in rice soils being studied (Bouis \995). 
The feasibility of introducing carotenoid biosynthe
sis in rice endosperm is being explored (Rockefeller 
Foundation 1993). 

Linoleic acid content of rice oil is negatively corre
lated with temperature during ripening of Japanese 
rice (Taira et al. 1980). 

Need for Interdisciplinary Research 

Since most of the problems discussed here involve 
more than one scientific discipline, the combined 
inputs of agricultural engineers, biologists, chem
ists, social scientists, and other scientists in relevant 
disciplines will accelerate the effective and effi
cient solving of research problems, considering the 
limited human and monetary resources available in 
the region. Regional collaboration should be 
encouraged inasmuch as the problems are common 
to the region. 
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Grain Drying in China: Problems and Priorities 

Ren YongHn* and J. van S. Gravert 

Abstract 

China's annual grain harvest of 425-450 million tonnes (Mt) includes a large proportion (approx. 30 Mt) 
that is received at high moisture content. Grain drying is the most important factor in minimising posthar
vest losses, since it directly affects safe storage, transportation, distribution, and processing quality. Cur
rently, considerable losses are incurred annually during storage and transportation of grain, as a result of 
inadequate drying. This paper outlines the current status of the problem. 

THE People's Republic of China (China) is a vast 
country, with its main grain producing areas situated 
between latitude 20-50oN and longitude 95-l20oE 
(Fig. 1). Within this area, geographic and climatic 
conditions vary greatly. This is reflected in the differ
ent grains, and varieties of grains, that are grown in 
China, and accounts directly for the wide range of 
moisture contents at which these grains are harvested. 
A diversity of postharvest technologies has been 
developed to handle and store the different grains pro
duced in the different growing regions. Since 1984, 
the annual grain harvest has exceeded 400 million 
tonnes (Mt) and in 1994 it reached a record 450 Mt 
(Ren 1991). Of this, rice comprises 40-45% of 
China's total grain production, with wheat and maize 
each contributing 22% (Garnaut and Ma 1992). 

Geographic Distribution of High 
Moisture Content Grain 

Nationally, about 70% of all grain produced is kept 
by farmers for food, seed, and stock feed. Of the 
grain delivered by farmers to depots of the govern
ment Grain Handling Bureaux (GHB), approximately 
30 Mt are received at high moisture content (Table 1) 
and must be dried. The grains involved are mainly 
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maize and paddy, with small quantities of soybean 
and wheat. These grains are produced in three main 
growing regions (Fig. I), 

Northeast growing region 

This region produces approximately 35% of the 
maize grown in China, which is 55-60% of the 
region's total agricultural production. Northeast China 
is characterised by its low ambient temperatures and a 
short growing season. These crops are harvested in 
autumn, a time when the weather is not always favour
able for this activity. Days are short with reduced sun
shine and there is usually only a short frost-free period 
before winter. Under such conditions it is very diffi
cult for the crop to dry in the field. This results in a 
harvest of maize (and soybeans) that is taken in by the 
farmers at very high moisture content. 

Consequently, every year GHB depots in the region 
receive very large quantities of high moisture content 
grain. When maize is received at GHB depots, its mois
ture content (m.c.) is normally between 22 and 30%. 
Thus, drying this grain to a level that pennits safe stor
age is the principal activity of grain depots during win
ter and spring, an activity that must be completed before 
the ambient temperatures rise during summer. 

Recently in this region, the area of land planted to 
paddy has been extended very rapidly. This is 
because premium rice produced in the region is better 
than that grown in southern China and has very good 
consumer acceptance. However, due to the prevailing 
low ambient temperature, the crop requires a consid
erably longer growing period than it does in southern 
China. Consequently, over 90% of the rice produced 
in the region is harvested at high moisture contents 
and must be dried before it can be safely stored until 
the following summer (Zhang 1995). 



Table I. Geographical distribution of high moisture contelll gmin (stored in grain depots). 

Geographic loca tion Provinces, cities and regions 

Northeast (maize helt) Heilongjiang, Jilin, Linoning 

and castcm Inner Mongolia 

Centre (wheat helt) Bcijing. Hebci. Shanxi and 
Shandong 

South (paddy belt) Anhui . Jiangsu . Hubci. Jiangxi 
and Zhejing 

Central growing region 

This region, which includes the city of Beijing, and 
Hebe i, Shanxi, and Shandong, produccs some 50-
60% of the maize grown in China. Some 3- 6 Mt of 
the high moisture con tent grain handled in China is 
grown in thi s region. T he crop is normally harvested 
during October and November at an average moisture 
content of 16%, though it is not unusua l for some of 
the crop to be harvested at up to 19% m.c. In addition, 
the GHB depots in this region can expect to rece ive 

MO NGOLIA 

Scale 

500 km 

80· 

Varieties Qualllities Range of moisture 
(Mt) content (%) 

Maize 18- 21 18- 30 

Soybean 1- 1.5 14-- 17 

Paddy 1- 2 17- 20 

Wheat 0- 2 14--18 

Maize 2.5- 4 15-19 

Paddy 5- 10 16--24 

some of the high moisture content grain grown in 
northeastern China. 

Wheat is also grown in this region. The erop is har
vested during May and June , a time when the weather 
is normally hot and dry. However, sometimes pro
longed spells of rain may wet the grain before and 
during the harvest. This can cause the grain to sprout, 
and may even lead to moulding, which occurs rapidly 
because of the combin ation o f increased mo isture 
content and hi gh ambient temperatures. 

EAST 
CHINA 

SEA 

TAIWAN 

}<'i~ure 1. Map of Ch:n<l showing distribution of high moi sture content grain. 
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Southern growing region 

Paddy is the main crop produced in this region. 
Two crops are harvested annually (Wang 1986) in 
the provinces of Anhui, Jiangsu, Hubei, Jiangxi, and 
Zhejing. The second crop is harvested at a time when 
rain and high ambient relative humidities can be 
expected. which results in a harvest with moisture 
contents in the range 16-18%. These may rise to 20-
24% in very wet years, causing losses due to mould
ing and sprouting (Zhuge et al. 1993). On average 
some 5-10 Mt of high moisture content grain are har
vested annually in the region. 

On-farm Grain Drying 

Due to the small-scale of the farms, farm level mech
anisation of postharvest handling of grain is seriously 
underdeveloped at present. There is a complete 
absence of mechanical or artificial grain drying meth
ods at the farm level, so that sun drying and natural 
aeration are the only methods applied to remove 
moisture from 'wet' grain after the harvest. They are 
applied in the following ways. 

In-field drying 

In the northeastern and central growing regions, as 
the crop matures, the grain kernels cease growing 
and start to dry. At this stage the moisture content of 
the kernels is still high-around 30-40%. Neverthe
less, the crop can be harvested provided proper dry
ing facilities are available. However, traditional 
grain storage structures are unsuitable for preserving 
grain at this high moisture content. Thus, the stand
ing crop is left in the field for about a month to dry. 
Normally. when it has dried to between 15-18% m.C. 
it is harvested. To hasten the drying process, farmers 
remove the husks from the cobs when the grain is in 
the waxy stage. This procedure not only removes 
moisture but also promotes maturation. 

In-crib drying 

Cribs built with slatted walls and floors using 
sorghum canes or reeds to allow easy ventilation 
are extensively used for drying maize on the cob. 
The open design allows a good flow of air through 
the grain, particularly when cribs are sited in the 
path of the prevailing wind. Such cribs are built 
with one or more sections, each with a capacity of 
approximately 6 m3. 

Seed drying 

Maize on the cob, particularly for use as seed. 
may be dried in bundles, indoors suspended from 
rafters of a dwelling. or outdoors from the branches 
of a tree. 
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Sun drying 

Sun drying is widely practiced and, at present. 
accounts for 98% of the grain dried by farmers. It is 
labour intensive, requiring the grain to be spread in a 
2-3 cm layer and regularly turned until it has dried to 
approximately 12-13% m.e. In summer, with favour
able weather, this usually takes two days for wheat 
and indica rice. However, in autumn when the maize 
and japonica rice are harvested, these grains can be 
dried to only 14-16% m.c. due to the overcast skies 
and weak solar radiation (Semple et al. 1992; XU et 
al. 1989). 

The roadside, concrete or earthen platforms, school 
sports fields, and even the roof tops of houses may be 
used for sun drying. Farmers frequently have their 
own drying yards in the front of their houses. Obvi
ously, the eftlciency of sun drying depends on the 
type and variety of grain being dried. and the locality 
where it is grown. However at farm level, where it is 
essential to prevent high moisture content grain from 
deteriorating, it is still the most rapid method of dry
ing grain currently available. Losses incurred during 
sun drying amount to about 5% and are due to spill
age, careless handling, and consumption by birds, 
rodents, and domestic poultry (Chi et al. 1992). 
Where roads are used to dry grain, considerable dam
age is caused to the highways so that they have to be 
re-paved prematurely. The costs involved in re-pav
ing roads and highways are very high and thus the 
practice has been prohibited and other means for 
grain drying are being promoted. 

Grain Drying at Government 
Grain Depots 

Three main grain drying methods are used by the 
GHBs: sun drying, aeration drying, and mechanical 
drying. Currently, about 30% of high moisture con
tent grain is mechanically dried. 10-25% of high 
moisture grain is dried by an aeration method, and 
the balance is sun dried. 

Sun drying 

This traditional method of grain drying is still 
widely used and is applied to 45-55% of the high 
moisture content grain received by the GHBs. Com
monly, high moisture content grain is spread out in a 
5-10 cm layer on a yard that may be paved. Most 
intermediate grain depots have their own drying 
yards, over which grain is spread and turned every 2-
3 hours to ensure uniform drying (Zhang 1988). In the 
northeastern and central growing regions about 5 
days are required to reduce the moisture content of 
maize by 3-5%. 



In the northeastern growing region the ambient 
temperatures at the end of winter and the beginning of 
spring are very low and the relative humidity is com
paratively high (Table 2). 

Table 2. Ambient temperatures at the end of winter and 
beginning of spring in the northeastern growing 
region. 

Month Temperature (0C) Relative humidity (%) 

December -12 to-16 70-75 

January -13 10-17 55-60 

February -710-12 40-50 

March -310-8 60-65 

Under such conditions it is very difficult to sun dry 
grain to a moisture content that allows safe storage. 
Most grain dried in this manner is treated during a 
short period just before the end of spring. This is an 
immense task given the quantities of grain involved, 
particularly as the procedure is heavily dependent on 
good weather conditions. To complete the task in the 
short time available, the GHBs must seek assistance 
from local government agencies to provide sufficient 
space for the purpose. Roads, school sports fields, 
other paved public spaces, even airport landing strips 
have been used to dry high moisture content maize 
before the temperature rises in spring. Prolonged 
spells of bad weather increase the risk of losses 
occurring. Additionally, the handling losses incurred 
during sun drying can be quite substantiaL 

Sun drying is labour intensive and makes extensive 
demands on space, particularly in the case of existing 
large-scale operations of the centralised storage sys
tem in China, where more than 70% of the grain is 
handled and transported in bags. Although labour is 
cheap, the expense of sun drying nationwide is con
siderable, particularly when the costs of the losses 
incurred are taken into account 

This makes sun drying a very expensive operation. 
Some local governments have offered farmers incen
tives to encourage them to undertake sun drying at 
farm level in an effort to alleviate the problems 
incurred in the central storage system. However, this 
has not proven successful because in spring all availa
ble farm labour is required to prepare the fields for 
the next crop. 

Mechanical drying 

Design and manufacture of mechanical dryers in 
China commenced in the late 1950s utilising Russian 
design, theory, and engineering principles. The late 
19705 and early 1980s were years of successive 
bumper crops, which created an immense grain dry-
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ing problem. This situation produced the impetus to 
develop and extend the application of mechanical 
drying, which has since continued rapidly. Nowa
days, most grain dryers are designed and manufac
tured by provincial enginecring research and design 
institutes, or end users. 

Three types of grain dryers are commonly used in 
China: tower dryers, rotary drum dryers, and fluid
ised-bed dryers (Wang 1988; Zhang 1995). 

Tower dryers 

Tower dryers are extremely effective where there is 
a need to dry very 'wet' grain. Thus, they are most 
common in the northeastern growing region, where 
they are used to dry maize. They are classified as 
direct or indirect dryers. In the former, the heated gas/ 
air mixture makes direct contact with the grain and 
consequently has a higher drying and energy effi
ciency than the latter, where heat exchangers are 
used. There is, however, a risk of contamination in 
direct tower dryers and to minimise this risk they are 
usually fired with anthracite rather than lignite. Coal
fired tower dryers have a capacity in the range of 10-
20 tlhour with the ability to remove 8-\2% moisture 
per pass through the dryer. Since there is no risk of 
contaminating grain when indirect tower dryers are 
used, no special fuel arrangements are required. How
ever, their energy consumption is greater. An exam
ple of this is the steam dryer, in which grain is dried 
as it falls into a drying chamber over a series of pipes 
heated by a water/steam mixture. This chamber is 
ventilated by fans that remove hot moist air resulting 
from the drying process. 

Rotary drum dryers 

Paddy is commonly dried in rotary drum dryers 
(Zhao 1996). These are fuelled mainly with paddy 
husks or coal and operate at high temperatures (grain 
drying temperatures of 60°C are attained). Their 
capacity ranges from 5-15 tJhour. Before the grain is 
fed into the dryer it is cleaned and preheated with hot 
air recycled from the dryer. Typically, such dryers 
can reduce grain moisture content by 3% per pass. 
However, they can increase the number of cracked 
kernels (Zhu 1988). 

Fluidised-bed dryers 

Fluidised-bed dryers are popular in the southern 
growing area for drying paddy (Zhao Simong 1996). 
These dryers also operate at high temperatures and 
are fuelled with rice husks or coaL However, grain 
residence time within fluidised-bed dryers is short
approximately 2 minutes. In addition, because the 
grain is well mixed with the drying air during the flu
idising process, the capacity of such dryers is greater, 
ranging from 3-\5 tlhour. They are capable of reduc-



ing grain moisture content by 3-5% per pass. Typi
cally, a tempering and cooling tower is incorporated 
into these dryers. 

Aeration drying 

Use of aeration to dry grain commenced in the 
19705 when engineering design for this purpose was 
introduced. Since then its use has spread rapidly. The 
form of construction required for aeration is simple. It 
is economic because grain is dried in-store with no 
extra handling costs. Aeration is used to dry maize in 
the central growing region and paddy in the southern 
growing region. Currently 70-80% of the high mois
ture content maize (approx. 18% m.c.) in the central 
growing region and 80-85% of the paddy in the 
southern growing region is dried by aeration. The 
capital investment in equipment is also lower than 
that required for mechanical dryers. In addition, aera
tion has an advantage because there is no appreciable 
reduction in grain quality. Aerated grain is kept fresh, 
retains a good colour and remains free from contami
nants. Of particular importance with paddy is the 
increased head rice yield compared with that obtained 
after mechanical drying. 

In the northeastern growing region, aeration is 
managed with reference to grain moisture content, 
and ambient temperature and relative humidity. After 
March aeration fans are operated intertnittently, usu
ally from 10:00 am to 3:00 pm when the relative 
humidity is low. It nortnally requires 35-80 days of 
fan operation to reduce maize moisture content from 
24 to 14% without use of an additional heat source. 
This drying system is more economic and has added 
advantages of better grain quality in tertns of reduced 
fissuring (stress cracks) and absence of mycotoxins. 

Aeration is also used in the northeastern growing 
region as part of a two-stage drying strategy. The first 
stage involves use of a high temperature mechanical 
dryer to reduce maize moisture content to approxi
mately 18% during winter. The second stage involves 
aemtion, which commences around mid May. 

Aeration is also extensively used in the northeast
ern and central growing regions to dry bulk maize and 
paddy stored outdoors. These grain bulks may be hor
izontally retained within walls of bagged grain or ver
tically stored in silos made of reed andior bamboo 
matting. The horizontal bulks are nortnally IO x 10 x 
I m (width x length x height) with a number of duct
ing systems to aerate the grain from the bottom of the 
bulk. Matting silos are generally 4-5 m high and 4-5 
m in diameter. and have a capacity of 50-70 t. The 
grain is aerated through a duct 2-3 m long and 0.5-
1.0 m in diameter that is positioned centrally at the 
bottom of the silo. 

A number of pertnanent horizontal storages con
structed with in-floor aeration ducts are in use in the 
southern growing region. 
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Grain Drying Problems 

In China, minimisation of postharvest losses has 
always been a key issue in management of stored 
grain. This is particularly important in a situation 
where large quantities of high moisture content grain 
are involved. It is also a matter of concem when crops 
are wet by rain during the harvest, leading to the pres
ence of mycotoxins (Semple et aJ. 1992). At present 
the major postharvest problem confronting the GHBs 
is a severe shortage of mechanical drying capacity to 
handle the large quantities of high moisture grain 
taken into storage. In the absence of mechanical dry
ing, substantial inputs of labour, materials, and 
money are required to sun dry the crop (particularly 
maize in the northeastern growing region), and pre
vent moulding or other damage oceurring during stor
age and distribution. 

Before 1990, fartners were able to delay delivery of 
their grain to government grain depots until January 
of the year following the harvest and maximum 
receival moisture eontents were set (maize at 16-20% 
and paddy at 16-18%). At that time approximately 20 
Mt of high moisture content grain would be received 
into the government gmin depots. Thus, on-farm stor
age of grain could extend for 1-2 months. However, 
since 1990 the amount of high moisture grain 
received at the government grain depots has 
increased rapidly. This can be attributed to: 
• introduction of high yielding but late maturing 

maize varieties; 
• successive bumper harvests; and 
• a requirement for fartners to deliver grain to stor

age depots as soon as possible after the harvest. 
A combination of these factors means that enor

mous quantities of very high moisture content grain 
have to be dried and delivered to the GHBs over a 
very short period, a task that is virtually impossible 
given China's lack of on-farm drying capacity. Thus, 
the total amount of high moisture grain delivered to 
the GHBs has risen by 10 Mt compared with the 
period before 1990. Another important administrative 
factor influencing delivery of high moisture grain is 
the policy of imposing only low penalty rates when 
high moisture grain is delivered to the GHBs. 

In the case of maize, the maximum moisture con
tent for grain received into GHBs was raised by 2~5% 
to facilitate the requirement for early delivery. In 
practice much of the maize harvest is frozen when it 
is taken into storage. This is because fartners must 
wait until the maize is frozen on the cob by low win
ter temperatures before it can be shelled. Otherwise 
the grain would be severely damaged by mechanical 
shelling due to its high moisture content. 

Under the existing management system, GHBs 
now have to procure immense quantities of high 
moisture content maize within a short period after the 



harvest. Although ambient temperatures are low and 
such grain can be stored through winter until late Feb
ruary without drying. this strategy presents great risks 
(Wang \988), In years when frosts are early, the 
problem is further exacerbated, and even greater 
amounts of high moisture content maize are delivered 
to the GHBs. 

The high moisture content paddy harvests in the 
southern growing region present a second serious 
grain drying problem in China. Their average mois
ture content is lower than that of maize, but the higher 
ambient temperatures in southern China greatly 
increase the risk of deterioration. Thus, it is essential 
to dry the paddy harvest as rapidly as possible (Wang 
1988). It has been shown (Zhuge et al. 1993) that a 3-
5 day delay in drying paddy adversely affects germi
nation rate, reduces head rice yield and, in indica 
varieties, produces a significant increase in the 
number of discoloured grains. 

Grain Drying Priorities 

It is estimated that, by the year 2000, grain production 
in China could reach an upper limit of 500 Mt (Gar
nau! and Ma 1992). Should this figure be achieved, 
the quantity of high moisture content grain produced, 
and the problems associated with it, would beeome 
very difficult to manage in the existing organisational 
structure. However, grain production has not kept 
pace with the demand of China's growing population. 
The gap between demand and supply has increased in 
recent years because grain consumption has increased 
more rapidly than production. To solve this food cri
sis, a need has been identified to tap new food 
resources and also to reduce postharvest losses 

China in its ninth Five Year Plan has set national 
priorities for its grains postharvest industry which 
include the need to: 

establish effective management of its grain 
reserves; 

• change from bag to bulk handling; 
• reduce postharvest losses caused by insects and 

moulds; 
• introduce new, non-polluting, processing methods 

for flour, oilseeds, rice and soy beans; and 
• establish new national standards. 

Steps have been taken to improve national grain 
storage, handling, and distribution ability through the 
China Grain Distribution and Marketing Project. 
This project will modernise the operations of the 
GHBs by providing a large number of bulk grain 
storage complexes incorporating mechanical grain 
drying facilities. 

Specifications for these mechanical dryers will 
vary relative to the anticipated capacity of primary 
and intermediate storage depots at which they will be 
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situated. Small-capacity dryers, to dry grain delivered 
by farmers, will be installed at primary depots. Large 
capacity dryers will be installed at intermediate 
depots where it is anticipated that greater quantities of 
maize from both farmers and some primary depots 
will have to be dried. 

Investigations have been undertaken to study 
aspects of drying frozen grain (Liu et al. 1995). Other 
research that may be relevant was the demonstration 
that drying methods can affect storabiIity. Maize 
dried at high temperatures has been shown to have 
reduced storabiIity, while the effect of previous stor
age at high moisture contents can also decrease sub
sequent storability (Marks and Stroshine 1995). 
Whether this is applicable to high moisture content 
maize stored at freezing temperatures may have to be 
investigated further. 

Design calculations have been carried out to mini
mise fissuring during mechanical drying of rice 
(Bakker-Arkema et a1. 1994), and suggestions have 
been made that paddy losses in southeastern coastal 
areas of China may be minimised by developing husk 
fired mechanical dryers (Chi et al. 1992). 

Priorities for drying high moisture contcnt grain in 
China should be examined and established on a holis
tic systems basis commencing with grain production, 
harvesting, then proceeding through postharvest stor
age and handling, and distribution to end users. The 
major problcm throughout the system is the lack of 
mechanical drying capacity. The requirements at each 
stage of the system may be broadly divided into hard
ware and policy (or management) requirements. 

Hardware requirements include: 
• design and development of mechanical drying sys

tems, and regimes, specifically to accommodate the 
difficulties associated with drying frozen grain in 
the northeastern growing region (Dayanghirang et 
al. 1993; Liu et al. 1995; Ju 1996); 

• development of drying regimes that minimise grain 
fissuring (Sutherland and Ghaly 1982; Kunze 
1996); 

• design and development of aeration-based drying 
strategies including computer simulations and con
trol technology (Ghaly 1978; Wilson 1987, 1988, 
1990a, 1990b; Wilson and Nguycn 1988; Abawi 
1996; Cao and Ha 1996; Newman 1996; Zhao 
1996); 

• modelling drying regimes (Ghaly et al. 1974; 
Ghaly and van der Touw 1982; Sutherland and 
Ghaly 1982; Ghaly and Sutherland 1983, 1984; 
Driscoll et al. 1987); 

• modelling moisture migration in stored grains 
(Thorpe 1996); 

• application of computer based decision support 
systems for cost effective control of drying proc
esses (Halid et al. 1995). 
Policy requirements include: 



• modernising fann-level postharvest technology as 
a means for improving the socioeconomic environ
ment (Xu et al. 1989; Chi et al. 1988, 1992; Zhuge 
et al. 1993; Fegan 1996; Tumambing 1996); 

• adjustment of prices paid for grain relative to pro
duction costs (Zhuge et al. 1993); 

• introduction of price penalties for grain delivered at 
moisture contents exceeding the established limits; 

• selection, breeding and introduction of early 
maturing high-yielding maize (and other grain) 
varieties that ripen early (prior to the onset of win
ter in the case of maize). 
In the last 15 years China has moved away from a 

system of agricultural production and marketing 
based on communes, with rigid central planning and 
control, to a more decentralised and market-orien
tated system (Watson 1996). Previous policies 
emphasised self-sufficiency at all levels. Grain dry
ing, and priorities for grain drying, are currently 
being addressed as China restructures its grain stor
age system through the China Grain Distribution and 
Marketing Project. 
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Problems and Priorities of Grain Drying in Indonesia 

Hadi K. Purwadaria* 

Abstract 

The current status of grain drying in Indonesia is discussed at various levels: farmers, cooperatives, private 
millers, collecting traders, feed industries, and seed processors. The performance of various grain drying 
systems operating in the field is also discussed. In relation to grain processing, constraints to the adoption 
of mechanical dryers are analysed, and the opportunities for grain drying development in the near future are 
illustrated. 

INDONESIA is a significant grain producer. Output of 
paddy in 1994 was 46.7 Mt (MOA 1995), and in 
1993,6.6 Mt of maize and 1.7 Mt of soybeans were 
grown (BPS 1994). All the grain enters a postharvest 
chain in which drying is one of the key operations. 

There are three major groups in Indonesia handling 
primary grain processing, including drying: the first 
group is farmers, who dry grain at the first stage from 
the initial harvested moisture content to about 18-
20%; the second is cooperatives, private millers, 
wholesalers, and feed industries who dry grain at the 
second stage, from 18-20% to the final moisture con
tent appropriate for storage; and the third group 'is 
seed processors, who dry grain from the harvested 
moisture content (22-25%) to the storage moisture 
content (12-13%) in a single operation. 

In general, the farmers apply sun drying regardless 
of weather conditions, leading to maximum quality 
losses of about 4.5% for paddy (IDRC 1989), 8.25% 
for maize (Purwadaria 1988), and 4.0% for soybean 
(Purwadaria 1988) because of delay in drying during 
the wet season. During the wet season, private millers 
use mechanical dryers, but only as needed to supple
ment their large (1-2 ha) sun-drying floors. The col
lecting traders at the provincial capitals, and the feed 
industries, make use of mechanical dryers for locally 
purchased grain when its moisture content is higher 
than their required standard, 12-14%. The seed proc
essors use mechanical dryers both in dry and wet sea
sons, complemented by the drying noor. 

* Postharvest Technology Program, Institut Pertanian Bogor, 
Fateta-!PB, P.O. Box 122, Bogor 16002, Indonesia. 
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Data on dryer development in Indonesia have been 
sparse and inaccurate. BPS (Central Bureau of Statis
tics 1994) reported that the number of dryers increased 
from 1975 units in 1990 to 7034 units in 1993, but 
gave no information on the type and the capacity of 
the dryers. The figures might include the sun-drying 
floors of private millers. In an effort to characterise 
dryer development in Indonesia, the author carried out 
a survey of drying equipment associated with BULOG 
(National Logistics Agency), the Ministry of Agricul
ture, Cooperatives and Small Enterprises Develop
ment, and the Ministry of Industry in Jakarta, made 
field observations in South Sumatra and East Java 
covering various dryer manufacturers and dealers, and 
reviewed the available literature. Though much time 
was spent and many worthwhile observations were 
made and are reviewed here, it should be noted that 
this paper contains case studies and subjective analy
ses based on limited interviews. It is the author's 
hopes that this short report will stimulate a more 
detailed study by all parties concerned with dryer 
development in Indonesia, to identify the steps needed 
to improve implementation of grain drying technology 
among the various target groups mentioned. 

Current Status of Grain Drying in 
Indonesia 

Grain drying at farm level 

Farmers commonly sun dry their grain on whatever 
land they have available, either the field or the yard 
around their houses. On 60 m2 of land, a farmer can 
sun dry 2.4 t of paddy, which is the average produc-



tion per 0.5 ha in Indonesia. Some fanners who do 
not have sufficient land for sun drying will sell to col
lecting traders called 'penebas', their mature grain as 
it stancls in the field. The yield will be estimated and 
agrel'd to by both parties and the cost of harvesting 
will be borne by the penebas. 

Grain drying at cooperatives 

111e government has provided the KUD (village unit 
cooperatives) with milling machines, sun-drying 
1100r5, godowns, and mechanical dryers. The distribu
tion of KUD sun-drying floors and mechanical dryers 
in various provinces in Indonesia is shown in Table I. 
The estimate of the IOtal drying capacity is 39 504 tI 
batch on thc total sun drying floor and 10 575 tJbatch 
for all types of mechanical dryers. However, the real 
numbers of mechanical dryers operating in the field 
might be less than 5%, leaving the sun-drying tloor as 
by far the primary means of grain drying. 

Grain drying and seed processors 

The seed processors use mechanical dryers in con
junction with the sun-drying floor. The largest rice 
seed supplier-a public company-its main station in 
West Java, which produces 14 000 t rice seed/year 
has 14 units of flat bed dryers with a total capacity of 
148 t paddy/batch and 6 units of circulating dryer 
with a total capacity of 60 t paddy/batch. In addition 
to the mechanical dryers, the seed processor uses sun
drying floor with an area of 2 ha. About 75% of the 
total seeds produced are processed through the 
mechanical dryers. 

Grain drying at other commercial operations 

Various mechanical dryers are used by the private 
millers and the collecting traders, but their function is 
to complement sun drying, especially in the wet sea
son. Whilst the area of the sun-drying floor at the pri-

Table 1. Sun-drying floor and mechanical dryers owned by KUD (Village Unit Cooperatives) at various provinces in 
Indoncsia* 

No. Province Sun-drying floor 

Units Area, m2 

l. Aceh 26 31 200 

2. North Sumatra 179 116400 

3. West Sumatra 12 14400 

4. Riau 

5. jambi 

6. South Sumatra 58 34800 

7. Lampung 8 9600 

8. West Java 285 189000 

9. Central Java 120 84000 

10. Yogyakarta 21 15000 

11. East Java 354 234000 

12. Bali 38 27000 

13. West Nusa Tenggara 89 60600 

14. East Nusa Tenggara 70 42000 

15. West Kalimantan 3 3600 

16. Central Kalimantan 

17. South Kalimantan 4 4800 

18. North Kalimantan 8 9600 

19. South Sulawesi 164 111600 

20. South East Sulawesi 

TOTAL 

Total 
capacity 
(tonnes 
paddy! 
batch) 

1248 

4656 

576 

1392 

384 

7560 

3360 

600 

9360 

1080 

2424 

1680 

144 

192 

384 

4464 

39504 

Mechanical dryer, units 

LISTER Flat bed Bin dryer 

Total 
capacity 
(tonnes 
paddy/ 
batch) 

Paddy Diesel 
husk oil 

12 22 55 

22 30 18 

22 20 23 

10 10 

10 10 6 

33 30 

28 20 39 

69 78 180 

42 50 21 

10 

.,40 50 91 

6 12 

43 30 71 

20 40 

59 30 29 

2 

3 30 37 

25 20 21 

39 50 117 

465 500 889 

320 

;l12.8 

380.8 

160 

169.6 

516 

874.4 

3 I 71O.t 

2 917.6 

16 

3 1095.6 

2 271.2 

844.4 

144 

874.4 

24 

215.2 

413.6 

945.2 

3 270 

14 \0575.6 

Capacity of sun·drying floor 0,04 tonnes paddy/m2, LlSTER 12 tonnes paddy/batch. flat bed dryer 1.6 tonnes paddy/batch (diesel oil) 
and 4 tonnes/batch (paddy husk), bin dryer 90 tonnes paddy/batch. 

* Ministry of Coopemtives and Small Enterprises Development (1995). 
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vale millers could be estimated (Table 2), data on the 
numbers of mechanical dryers are not available. A 
rough estimate is that less than 10% of the rice-milling 
capacity has passed through mechanical dryers. Most 
of the meehanical dryers are purchased by the large
scale rice millers with a capacity of 1200 t/year or 
higher. This figure was obtained by taking the average 
capacity for the large-scale milling machines in Table 
2. An IORC-sponsored study by IPB (IORC 1988) 
reported that an optimal scale for KUD rice milling 
was 2600 t of paddy plus 1000 t of maize per year 
when it had a mechanical dryer with 10 t grain/batch 
capacity, a sun-drying floor with an area of 1000 m2, 

and a milling machine with a capacity of 5 tJhour. 
Some feed industries receive locally produced 

maize and use large-capacity mechanical dryers such 
as 70 tJhour continuous dryers of U.S. origin (Table 
3). Others purchase most of their supply from 
imported maize already at 12% moisture content 
(m.c.), and thus do not dry. Imported maize in 1993 
reached about 1.1 Mt compared to 6.6 Mt of locally 
produced maize. The feed industries, in general, are 
making concentrate while the poultry shops or the 
poultry farmers add more ground maize to produee 
the final formulation for feeding chickens. The poul
try shops and farmers obtain their maize from the col
lecting traders, or directly from the farmers who sun 
dry it. A major feed company has five branches in thc 
big cities in Indonesia-Medan, North Sumatra; 
Bandar Lampung, Lampung; Jakarta; Semarang, 
Central Java; and Surabaya, East Java-and operates 
five units of continuous dryer, each of 70 tJhour 
capacity, and drying maize at up to 100-200 000 tJ 
year/unit. 

Types of mechanical dryers 

Commercial meehanical dryers in operation, and 
their performance, are listed in Table 3, and com
pared with the pit dryer adopted by maize farmers 
(ACPHP 1988) and sun drying. The rate of sun drying 
(0.3-0.5% m.c. dry basis/hour) is lower than all 
mechanical drying (1.1-1.9% m.c. dry basis/hour) 

but, except for the 70 tJhour continuous dryer (Rp 4.0/ 
kg), the cost of sun drying (Rp 7.5-9.0/kg) remains 
competitive with that of mechanical drying (Rp 6.4-
13.41kg). The imported Japanese-made dryers were 
obtained through a Japanese grant, while Taiwan and 
U.S.-made dryers were purchased commercially. One 
dealer confided that he had sold 25 units of a Taiwan
ese circulating dryer with a 6 tJbatch capacity at East 
Java and West Nusa Tenggara in 1994-1995. More 
recently, a 5 tJhour lluidised-bed dryer was imported 
from Thailand and set up at one of the DOLOG tech
nical units in Aceh. Its performance has yet to be doc
umented. 

The locally manufactured mechanical dryers com
monly come as flat bed (Fig. I), circulating (Fig. 2), 
and continuous-flow (Fig. 3) types. In general, the 
manufacturers produce mechanical dryers only to 
order while primarily engaged in the manufacture of 
other agricultural machinery such as hand tractors, 
threshers, rice milling units, and food and wood 
processing equipment. One manufacturer of a 15t 
batch circulating type dryer in East Java claimed 
that it sold only 9 units in 1988-1989. Another, in 
South Sumatra, reported of selling II units of a 5 tl 
hour continuous dryer for agricultural products in 
19931995. Two of the units were used for paddy 
and maize drying, while the others were for coffee 
beans and black pepper. At least five manufacturers 
and three workshops are capable of manufacturing 
dryers: PT Agrindo, PT Meco Inoxprima, CV Alpha 
Omega, and PT Adhi Setia Utama Jaya at Surabaya, 
East Java; CV Gunung Indah at Lumajang, East 
Java; PT Maju Bersama and PT New Ruhaak at 
Jakarta; and Lukman at Palembang, South Sumatra. 

Some other types of mechanical dryer are being 
introduced (Table 4) such as the solar collector (Trim 
and Gordon 1991; Damard jati et al. 1991), and the 
low temperature in bin drying system (CDAE 1995). 
Two mechanical dryers implemented at the KUD, the 
flat bed dryer using paddy husks as fuel and the Lister 
are no longer used, due to technical and cost disad
vantages (IORC 1988). 

Table 2. Number of rice millers and their milling capacity in Indonesia. 1993 

No. Type of milling machine Units Milling capacity Estimated area of sun-drying floor 
(tonnes/year) Size Total area (ha) 

1. Large scale, > 0.5 tonnes/hr 1618 2047335 1200-20000 955 

2. Small scale, < 0.5 tonnes/hr 40663 21005622 200-1200 1220 

3. Compact rice milling unit < 0.5 tonnes/hr 26035 12903324 200-400 781 

4. Polisher - 0.3 tonneS/hr 182 62547 200-400 6 

5. Huller < 0.3 tonneS/hr 63 29425 200-400 2 
6. Engelberg < 0.3 tonnes/hr 6328 1488419 20~400 190 

Total 37536672 3154 

*Bulletin Info Agroekonomi, Ministry of Agriculture. 1994. 
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Table 3. Performances of sun-drying floor and various mechanical dryers in commercial operation in Indonesia. 

Items Sun-drying Flat bed. Pit dryer 
floor diesel oil 

Commodity Paddy Paddy Cob 
Maize 

Capacity. tonnes/batch 0.04 (tlm2) 15 

Initial moisture content 

%w.b. 25 20 30 

%d.b. 33 25 43 

Final moisture content 

%w.b. 14 12 17.5 

% d.b. 16 14 21 

Drying temperature. °C 42 41 65 

Drying time. hrs 16-24 15 J3 
(dry season) 

24-32 
(wet season) 

Drying rate. % d.b.lhr 0.3-0.5 0.7 1.7 

Fuel consumption. L diesel 138 61 kg 
oil/tonnes water removed maize cob/t 

Drying cost. Rp/kg· 7.5-9.0 13.4 12 

Cent $US/kg 0.33-0.39 0.59 0.53 

I Cent $US ~ Rp 22.80 
• not including the investment cost 

Figure 1. Flat-bed batch dryer of lOt capacity at a seed 
processor in West Java. (below) 

Figure 2. Two units of a 15 tlbatch circulating dryer in 
East Java. (right) 
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Circulating dryer Continuous 

Indonesia Taiwan Japan I Japan 2 dryer. USA 

Shelled Paddy Paddy Paddy Paddy Shelled 
Maize Maize 

15 15 6 20 5 70 (tlhr) 

26 24 25 20 20 20 

35 31 33 25 25 25 

17 14 14 12 12 12 

20 16 16 14 14 14 

78 41 41 40 40 75 

8 11 11 7 10 

1.9 1.4 1.5 1.7 1.1 

110 110 liD 110 106 26 

7.0 8.0 6.4 9.0 7.0 4.0 

0.30 0.35 0.28 0.39 0.33 0.18 



Figure 3. Cascading continuous-flow dryer of 5 tJhour throughput. used for drying rice and coffee beans in South Sumatra. 

Table 4. Performances of various mechanical dryers from experimental results. 

Items LISTER" Flat bed. paddy husk" Solar collectorb LT-IBDSc 

Commodity Paddy Paddy Paddy Paddy 

Capacity. tonnes/batch 11 4 10 5 

Initial moisture content 

%w.b. 24 24 25 22.5 

% d.b. 31 31 33 29 

Final moisture content 

%w.b. 14 14 14 12 

% d.b. 16 16 16 14 

Drying temperature. °C 38 38 45- day. 35 night 36 

Drying time. hours 21 21 50 94 

Drying rate. % d.b.lhr 0.7 0.7 0.34 0.16 

Fuel consumption. L diesel oill 96 52 1 itres diesel oil 9 128 

tonnes water removed 107 kg paddy husk 

Drying cost. Rp/kg 9.0 9.4 16.4 18.7 

Cent USS/kgd 0.39 0.41 0.72 0.82 

1 Cent US$ ~ Rp 22.80 
L T-IBDS~ Low Temperature In-Bin Drying System 
a IDRC. 1988; b Trim and Gordon. 1991 and Damardjati et al.. 1991; c CDAE. 1995; and d not including the investment cost. 
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Problems in Implementing Mechanical 
Drying 

No incentive for farmers to dry grain 

Most farmers sell their paddy immediately after 
harvesting and threshing. The harvested moisture 
content of the paddy in the dry season is about 20-
23% wet basis (w.b.) and in wet season is about 24-
30% w.b. Soy bean and maize farmers are forced to 
sun dry their produce, since soy bean should be 
threshed and maize shelled only at 17~18% m.c. 
(w.b.). However, farmers rarely complete the second 
stage of drying from 17-18% to 14% m.c. (w.b.). 

The present situation is exemplified in Figure 4. 
Currently, BULOG does not interfere in paddy pur
chasing and buys only milled rice. Thus, the market 
standard overrules the government standard referring 
only to the moisture content and impurities levels. 
During the wet season harvest in February~April 

1995, the price of paddy at 27% m.c. (w.b.) (37% d.b.) 
and 6% impurities was Rp 410/kg (Fig. 4, point A). 
On the other hand, the price at 23% m.c. (w.b.) (30% 
d.b.) and 4% impurities was Rp 540/kg (point B). 

Moisture Content, % WB 

14 18 25 
(20) (23) (27) 

Rp 5Y5lkg 
(DS): 

I I 

C I 

3 
- -. I 

;;. ___ ~B ., (4) 
Cl> 

'" ·c Rp 450/kg (WS) 
:l 
Q. (6) ----------
.§ Rp 550/kg (DS) Rp 410/kg 

8 (WS) 

15 

WS: Wet Season DS: Dry Season 

Figure 4. Diagram explaining market standa:rds and price 
differentials for paddy in 1995. 

Taking I tonne of paddy, the incentive calculation 
goes as follows 

A: Value of I tonne paddy = Rp 410 000 

B: Weight loss due to removal of moisture content 

37% d.b. 30% d.b.!1 00% x (I - 0.27) t 0.05 t 
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Weight loss due to reduction of impurities = 

6% 4%/100% x I t = 0.02 t 

Remaining weight of paddy = 

I 0.05 0.02 = 0.93 t = 930 kg 

Value of remaining paddy = 

930 kg x Rp450/kg = Rp 418 500 

Farmers will gain Rp 8500/t when they dry and 
clean paddy from A to B but taking into account the 
minimum cost of sun drying, which is Rp 75001t 
(Table 3), the effort is hardly worthwhile. 

In the dry season of July September 1995, the 
price of paddy increased to Rp550/kg at 23% m.c. 
(w.b.) (30% d.b.) and 4% impurities (point B) and 
Rp575/kg at 20% m.c. (w.b.) (25% d.b.) and 3% 
impurities (point C). 

B: Value of I t paddy = Rp 550 000 

C: Weight loss due to removal of moisture content = 

30% d.b. 25% d.b.! 100% x (\ 0.23) t = 0.038 t 

Weight loss due to reduction of impurities = 

4% 3%/100% x I 1= 0.01 t 

Remaining weight of paddy = 

J - 0.038 0.0 I = 0.952 tonnes = 952 kg 

Value of remaining paddy = 

952 kg x Rp575/kg = Rp547 400 

In Ihis case, even before counting the drying cost, 
the farmers will lose Rp2600/1 rather than gain any 
added value. 

More competitive investment for sun-drying floors 

At the village level, where the cooperatives and the 
private millers are located, land remains relatively 
cheap. For example, in the Lumajang district, East 
Java, where a workshop manufactures 15 tlbatch 
mechanical dryers at a selling price of Rp40 million 
and a dealer offers 6 tlbatch imported dryers for Rp30 
million, an entrepreneur can purchase 0.5 ha of land, 
meaning 150-200 tlbatch, at Rp40 million. Land pur
chase is even more attractive, since land increases in 
value in the long term rather than depreciating. Fur
thermore, the entrepreneur can submit the land title as 
collateral to the bank to obtain credit. No bank will 
take a mechanical dryer as credit collateral. 

Influence of weather on sun drying for some rice 
belt areas 

Land prices are not so attractive in the urban areas 
such as Karawang district, the rice belt area of West 
Java-the largest rice-producing province in Indone
sia-where the price of 0.5 ha block could be as high 
as Rp250-300 million. 



Nevertheless, looking at the average rainfall distri
bution through the year (Fig. 5), one can understand 
the justification for wide use of sun drying, since the 
only months with average rainfall above 200 mm are 
January (330 mm) and February (240 mm). The peak 
harvest in the wet season comes in March-April, 
when average rainfall is below 200 mm/month. 
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Figure 5. Annual distribution of average rainfall at Kara
wang. West Java. 

Priorities for the Future 

The following are recommendations for future 
development of grain drying systems in Indonesia. 
1. A multipurpose mechanical dryer for grains and 

other estate crops such as black pepper, coffee, 
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and cacao beans will likely capture more sales 
than a single purpose grain dryer. 

2. Batch dryers with a capacity above 10 tlbatch, or 
continuous dryers with a capacity of at least 5 tI 
hour, are recommended since the target groups 
are the seed processors, large-scale millers, and 
the wholesalers. 

3. Urban areas should be the target for marketing 
dryers. Here land and/or labour are expensive. 

4. The performance of the fluidised-bed dryer 
recently introduced should be assessed and com
pared with other mechanical dryers in use. 
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The Rice Processing Industry in Malaysia: 
Problems and Priorities in Grain Drying 

Roslan A. GhafTar and Fatimah Mohd. Arshad* 

Abstract 

This paper discusses the evolution of paddy and rice policy in Malaysia since the 1960s and its impact on 
the drying sector. The major policies that have direct bearings on the drying sector are: minimum support 
price, LPN's (National Paddy and Rice Authority) involvement in marketing and milling of paddy and rice 
price control. The interventionist poliey has resulted in the declining role of the private sector, direct transfer 
to farmers and millers, and overall milling inefficiency. A shift in policy in 1993 to deregulate selected 
price of rice and corporatisalion of LPN - is expected to improve the drying and milling sector in the fu
ture. Several priority areas for further development of the rice-processing industry are suggested. 

A study made in 1988 by the World Bank concluded 
that Malaysia's rice was noncompetitive in price 
and quality. This conclusion reflected a multitude of 
structural problems underlying the industry. For 
more than two decades (until January J 993, when 
the price of super quality rice was floated) the paddy 
and rice sector was subject to price control, from 
farm through to retail levels. As shown by Fatimah 
(1995), the prices supported are much higher than 
the world prices making Malaysian rice noncompet
itive with that of her neighbours. Quality defects in 
rice are a function of both technical and economic 
factors. Technically, poor quality of rice is attributa
ble to improper drying and handling of paddy. This 
situation is aggravated by the paddy pricing system 
at the farm level which does not provide enough 
incentive for farmers to dry paddy (Chew and Fati
mah 1987; Chew and Ghaffar 1985). In fact. it has 
been shown that it is more profitable for farmers to 
sell wet paddy to the rice millers, particularly to 
LPN (National Paddy and Rice Authority) com
plcxes. As concluded by Fredericks and Mercader 
(1983), although postharvest losses for rice due to 

* Faculty of Economics and Management, Universiti Perta
nian Malaysia, 43400 UPM Serdang, Selangor, Malaysia. 

38 

drying per se range from I to 5%, a significant por
tion of the losses incurred in storage and milling is 
related to drying. Improper drying, particularly dur
ing the wet season, contributes to losses due to rot
ting and downgrading of the quality of milled rice, 
as characterised by a high percentage of brokens, 
discolouration, and mould infestation. It is assessed 
that at the current estimate of 5% losses, MYR47 
million worth of rice is wasted annually (during 
October 1995, ca 2.40 Malaysian Ringgit (MYR) 
US$I). Clearly, drying is a significant function in 
determining the quality of rice and hence economic 
return and level of efficiency of the industry. This 
paper seeks to review the current status, problems, 
and priorities in paddy drying in Malaysia. The 
approach of the paper is as follows. The next section 
traces policy development in the paddy drying sec
tor bcfore January 1993 when the government 
decided to remove price control on super grade rice 
while maintaining control of the prices for premium 
and standard grades (LPN \995). This is followed 
by a brief discussion on changes in paddy and rice 
policy particularly following deregulation of the 
prices of selected rice and the corporatisation of 
LPN on 7 July 1994. The last section discusses the 
implications of the new restructuring policy for the 
paddy drying sector. 



Paddy and Rice Policy in Malaysia 

The development of the paddy drying and milling 
sectors is closely aligned with government policy. 
One of the earliest market interventions took the 
form of introduction of a guaranteed minimum price 
(GMP) for paddy of MYR 15 per pikul (1 pikul = 

60.5 kg) in 1949, to provide incentives to producers. 
The GMP has never been revised downwards, only 
upwards. In 1973, the name was changed to the min
imum support price (MSP) and its objective has 
been expanded to include the need to provide pro
ducers with a high return and to protect consumers 
from the vagaries of the world rice market. As will 
be shown later, this pricing policy has contributed to 
the current structure of the processing sector. 

In the 1950s, the processing sector was operating 
in an open economy, but in the early 1960s the gov
ernment decided to intervene. The paddy processing 
sector was perceived as being monopolistic, and a 
cause of peasant indebtedness and poverty. Attempts 
to break the monopoly initially took the form of 
government owned mills and 'co-operativisation' of 
the mills (Tan Siew Huey 1987). Under this policy, 
the establishment of cooperative rice milling socie
ties (CRMS) was encouraged, to provide small-scale 
milling services for milling paddy into rice to be 
consumed by the producers themselves, and to func
tion as marketing agents for the members. 

Between 1961 and 1963, the CRMS were given 
monopsony powers in some parts of the country. 
However, in the areas where the private market was 
well developed and there were close links between 
paddy dealers and private millers, there was consid
erable resistance to these moves. The policy was 
sharply criticised by the private sector and it was 
discontinued because it ran counter to the govern
ment's commitment to free enterprise (Fredericks 
and Wells 1983). At their peak, the CRMS took only 
about 4% of total paddy production (Vokes 1978). 

By mid-1960s it was recognised that the coopera
tives had failed to undermine the dominance of pri
vate traders in the paddy market. The private mills 
persevered in the market by offering better terms 
than the CRMS. The CRMS could not compete, as 
they were severely handicapped in their efforts by 
shortages of funds and expertise. The government 
attributed this failure to market imperfection and 
concluded that, rathcr than an increase in competi
tion, greater regulation of the market was needed. 

During the mid-1960s, the government embarked 
on the self-sufficiency in rice production program 
through increases in yields and an expansion of dou
ble-cropping. The failure of the cooperatives to pro
vide a viable alternative to the private market and 
the need to ensure adequate processing capacity to 
cope with the expected increase in production led 
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the government to introduce market regulations and 
invest in paddy and rice-processing plants. 

A key step in the direction of greater market regu
lation was taken with the formation of the Paddy and 
Rice Marketing Board (PRMB) in 1966. The PRMB 
set up two types of schemes: regulatory and trading. 
The regulatory schemes involved the licensing of all 
paddy buyers and the enforcement of the conditions 
of the license. In its trading schemes, the PRMB 
undertook buying, selling, and milling of paddy. By 
1972, PRMB schemes covered nearly 90% of the 
paddy land in West Malaysia (Selvadurai 1972). 
Despite this, PRMB could not change the fundamen
tal structure of the paddy market. In 1978, the 
National Paddy and Rice Authority (LPN, Lembaga 
Padi dan Beras Negara) was established to provide a 
more coordinated and effective interventionist pol
icy. LPN was charged with the responsibility of 
ensuring 'fair' prices for both farmers and consum
ers, and of achieving self-sufficiency in paddy pro
duction. 

The formation of LPN marked an important turn
ing point in the history of the paddy industry. Two 
major market interventions were made after it was 
set up. Firstly, rice price and import controls were 
introduced in May 1974 to protect consumers from 
sharp price increases in times of shortages. Secondly, 
the government, through LPN, entered the paddy 
processing sector, competing directly with the pri
vate mills. 

The government's decision to play an active role 
in processing was based on the recommendation of a 
1969 FAO study of the milling industry (U Thet Zin 
1969). The study revealed the inability of existing 
mills to produce good quality rice and the serious 
milling losses to farmers and the economy. The 
study recommended that regulatory controls be 
imposed to improve the milling industry. 

The government's involvement in paddy process
ing was also prompted by the need to ensure adequate 
drying facilities to handle the off-season crops, which 
were to expand rapidly, particularly in the Muda 
Agricultural Development Authority (MADA) and 
Kemubu Agricultural Development Authority 
(KADA) schemes. The expected increase in paddy 
output resulting from double cropping would require 
adequate support in the form of drying, milling, and 
storage facilities. Given the large capital outlay 
needed to purchase dryers, it was assumed few pri
vate millers would be able to take in the off-season 
crop. The government then decided to build drying 
and milling facilities in the major producing areas. By 
1980, LPN had established 28 integrated milling 
complexes (Table I). To ensure that its mills were 
being used to full capacity and to protect farmers' 
interest, LPN became a buyer of last resort. 



Table 1. Number of LPN integrated complexes by date 
completeda. 

Year completed Number Cumulative total 

Pre-1970 4 4 

1970 2 6 

1971 Sb II 

1972 4c IS 

1974 6 21 

1975 4 25 

1976 2 27 

1981 3 30 

1982 31 

1995 31 

a Refers to drying. milling, and storage installations with 10,000 
tiseason capacity. 

b Originally all were drying complexes only, later upgraded to 
full integntted complexes, 

C Originally three were drying complexes only. later upgraded 
to full integrated complexes, 

Source: Lembaga Padi dan Beras Negara (LPN), Malaysia. 

In the mid-1980s, the self-sufficiency target was 
reduced to 55-{i5% under the National Agricultural 
Policy (NAP) formulated in 1984 (MOA 1994). The 
same level was maintained in the 1993 NAP (MOA 
1994). The reduction in the self-sufficiency target 
was in response to worldwide production and the 
increase in the country's purchasing power to import 
cheaper rice (Fatimah 1995). The continuous increase 
in fertilizer prices in the world market led the govern
ment to expand support to paddy producers' income 
through two major stratcgies: direct subsidies in the 
form of fertilizer and cash, and continued direct 
involvement in rice milling and marketing. Under the 
fertilizer subsidy scheme, farmers owning less than 
2.4 ha of paddy land were given free fertilizers. The 
value of this subsidy amounted to about MYR231 per 
hectare, or about 33% of the cost of production per ha 
(Chamhuri 1985). The objective of the fertilizer sub
sidy scheme was to reduce the costs of production to 
farmers, increase farm incomes, improve and mod
ernise paddy cultivation practices so as to boost 
paddy yields and total production to meet the self-suf
ficiency target. 

The rationale for a direct cash subsidy was to 
increase the effective price of paddy to farmers, and 
hence their income and welfare, while providing 
them with the incentive to produce more paddy with
out jeopardising the current market channels and a 
stable rice price to consumers. With that premise, the 
government introduced a subsidy of MYR2 per pikul 
for every pikul of paddy sold to the authorised agent. 
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This subsidy could be invested only in authorised 
banks. The farmers were in full support of the 
scheme but protested about the amount. In 1982 the 
subsidy was increased to MYR 1 0 per pikul in the 
form of cash, and in 1990 to MYR 15 per pikul. Thus, 
the effective price of paddy to farmers increased 
from MYR28 to MYR32 per pikul to a new range of 
MYR43 to MYR47 per pikul. The cash subsidy 
(which was given out in the form of coupons) is 
claimable from LPN or authorised banks, provided 
the farmers sell their paddy to authoriscd agents 
only. This arrangement has directed the flow of 
paddy from unlicensed traders (including millers) to 
authorised agents and LPN drying complexes. By 
1985, the share of paddy handled by LPN had 
increased to 46% (compared with about 20% in the 
1970s) (LPN 1991). 

Combine harvesters were introduced in the 19705, 
to cater for the increase in paddy production due to 
the rapid expansion of double-cropping areas in the 
mid-1960s. With harvesters, the harvesting time for 
paddy was reduced from 30 to about 15 days. The 
effects of the combine harvesters on the handling and 
drying of paddy were not anticipated. Until the late 
19805, paddy was handled manually, with the grain 
packed in gunny sacks and transp0rl€d to the mills 
using lorries. Loading and unloading of paddy were 
done manually. 

The introduction of the harvester affected the tech
nical efficiency of the mills, particularly the LPN 
complexes. It was seen that the complexes were not 
able to cope with the intensive flow of paddy within 
a shorter time period (before combine harvesters 
were introduced the buying period stretched over 
about 30 days). The LPN complexes were designed 
to cope with a smaller intake of paddy spread over a 
longer period. This Jag in handling technology 
explains the significant postharvest losses incurred 
by the LPN complexes in the mid-1980s. This prob
lem was further aggravated by the policy stand of 
LP~ as 'the buyer of last resort' which forced LPN 
to accept all deliveries regardless of its own drying 
or storing capacity and the quality of the paddy 
delivered by the farmers. 

To rectify the problem and reduce the intake cost, 
LPN has invested in a bulk receival system, and 
grain coolers and dryers in some of its complcxes 
(Table 2). According to LPN (1995) the system 
enhances the paddy intake operation and reduces the 
handling cost. The LSU drying and cooling system 
has proven to be able 10 increase drying capacity. 
DryerMaster, a computerised system designed to 
monitor the wet paddy content, has also proven 
effective. Overall, LPN found that the system brings 
positive results-it reduces operating costs (particu
larly electricity and petrol costs) and avoids overdry
ing of paddy (LPN 1995). 



Table 2. Number and types of dryers and mills at LPN 
complexes, 1988-1994. 

Dryers (units) Mill (units) 

LSU FBD/IBD Predryer 

1988 49 142 90 30 

1989 49 142 90 30 

1990 49 142 90 30 

1991 49 142 90 30 

1992 49 142 90 30 

1993 49 142 90 30 

1994 49 147 90 30 

Note: Rated drying capacity ofLPN complexes was 7861 t per day 
between 1988-91, increasing to 8567 t/day between 1992-94. 

Source: Lembaga Padi dan Beras Negara (LPN), Malaysia. 

Implications for the Drying Sector 

The three major policy instruments that have direct 
implications for the paddy drying sector arc: mini
mum support price (MSP), LPN direct involvement in 
paddy marketing and processing, and rice price con
trol. A brief discussion follows, on the impact of 
these policies on the drying sector. 

Declining role of private mills 

As pointed out by Tan Siew Huey (1987), the 
involvement of LPN in the processing sector, espe
cially when excess capacity already existed in the pri
vate mills, naturally crowded out these mills. In 1983, 
the private mills had a total capacity to mill 1,988,064 
t of paddy while LPN's capacity amounted to 369,600 
L Before the formation of LPN in 1973, thc private 
mills were purchasing almost 90% of the paddy sold 
by the farmers. By the mid-J980s, this proportion had 
dropped to half. The result was that the private proces
sors were using about one-third of their capacity. 
Unfortunately, there are no data available on the 
number of private mills and their capacity in the late 
1980s and early 1 990s. However, a study made by 
LPN in 1986 on the private mills in KedahlPerlis indi
cated that, in 1985, excess capacity was still a serious 
problem. During that year the annual rated drying 
capacity of the private mills was estimated at 952,187 
t, but the amount of paddy purchased amounted to 
only 418,027 t, suggesting a utilisation rate of facili
ties of 43% (LPN 1986). In terms of milling capacity, 
their utilisation rate was about 5 I % (rated milling 
capacity was estimated at 812,135 tlycar). 

During the early part of 1985, LPN complexes 
were buying more paddy than they could mill. In 
order to cope with the heavy innow of paddy to LPN 
complexes, the milling capacity was increased from 
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369,900 t/year in 1983 to 428,720 t/year in 1994. As 
shown in Table 3, the amount of paddy purchased by 
LPN is far in excess of its drying and milling capaci
ties. Hence, LPN has to rely on the private sector to 
dry and mill its excess paddy. On average, LPN mills 
about 76% of the paddy purchased from farmers, 
while the rest is sent to the private millers under the 
grinding scheme either for further drying or milling. 
As will be shown later, this policy has resulted in 
unintended direct transfer to the miller. 

In view of the unavailability of data concerning the 
current capacity of the private mills, it would be dif
ficult to estimate the current extent of excess eapac
ity. However, if one assumes that the capacity has 
not changed (an assumption which is supported by 
LPN), it would appear that the problem of underutili
sation of the private mills has somewhat ameliorated. 
In 1994, the utilisation rate for private mills stood at 
51%. 

There is evidenee that the private mill sector is 
static in numbers and growth (Tan Siew Huey 1987), 
a situation attributed to poor prospects of higher 
returns. Their margin has been fixed by LPN through 
the MSP of paddy and the rice ceiling price policy. In 
the last 20 years, the MSP has been revised upwards 
three times while processing cost has almost doubled. 
Hence, the margin of private miller has been 
squeezed so much so that it has been reported that 
some have to resort to rice adulteration and mixing to 
maintain an adequate return. As will be shown in the 
next section, the declining role of private mills led to 
a decline in milling efficiency. 

Drying subsidy to growers and millers 

LPN's paddy buying practices and pricing (and 
deduction system) subsidised farmers' and millers' 
incomes. As in other ASEAN countries, the paddy 
sold in Malaysia is subjected to penalties in the form 
of deductions from the price for wet and dirty paddy. 
This is to ensure that only high quality paddy cnters 
the next stage of processing - milling. The deduc
tion rates for Malaysia, however, were quite low by 
international standards (Chew and Fatimah 1987). 
The deduction rates were linear, whereas the drying 
cost per unit increases sharply at higher moisture con
tents. The private millers are generally stringent in the 
quality of paddy they accept for processing as this 
will impinge on their processing margin. LPN, due to 
its social obligation, could not adopt the same policy, 
instead it had to buy all paddy offered to it regardless 
of its capacity to handle it, or its quality. In short, 
LPN functioned as a buyer of last resort. It has been 
shown that LPN's deduction rates were so lenient as 
to encourage farmers to sell wet paddy. In effect, 
Chew and Fatimah (1987) showed that the farmers 
received a hidden subsidy for not drying their paddy 
grain. LPN was then stuck with a large influx of wet 



and poor quality paddy, particularly during harvest 
time. During harvest season, it is reported that delays 
at LPN complexes to sell paddy were up to 2-3 days, 
during which time exposed paddy might be soaked by 
rain, so that even paddy which was initially dry could 
suffer quality and value losses. This contributed to the 
physical loss of grain and to reduced rice quality due 
to spoilage. 

Besides subsidising famlers' incomes, LPN also 
subsidises the millers. LPN was having difficulty in 
coping with the large intlux of paddy to its com
plexes. By mid 1980s, LPN began to make efforts to 
support private milling through provision of subsi
dies. For instance, LP;'-1 helps upgrade private mills 
by securing bank loans on their behalf. In addition, 
LPN has a 'grinding scheme' in which paddy bought 
and dried by LPN is sent to private mills for process
ing on a commission basis. This move was an attempt 

also to foster the growth of Bumiputera-owned mills. 
This program spares these mills the costs of having to 
purchase paddy directly, and is thus a subsidy. It is 
estimated that the transfer from LPN to private mill
ers of the drying cost amounted to MYR5 million in 
1986 (plus the value of losses avoided through LPN's 
purchase of the poorer quality paddy). Some private 
mills had the lUXUry of choosing the paddy they were 
to mill. 

As concluded by the World Bank, the drying sub
sidy (both to farmers and millers) adversely affected 
rice quality and processing costs and forced LPN to 
bear a disproportionate share of the losses. LPN's 
drying costs included not only the resource cost of 
drying, but also losses due to the deterioration of wet 
paddy waiting to be dried at overstrained facilities. 
The World Bank estimated that LPN's drying cost of 
about MYR30 per t is a direct subsidy to growers. 

Table 3. Paddy purchases and drying by LPN complexes and private millers. 

Purchases Drying 

LPN Private mills LPN Private mills 

Year % % % % 

1911 111,061 11.0 895.933 88.9 

1972 127,238 12.4 890,762 87.6 

1973 88,305 7.8 1,034,695 92.2 

1974 55,960 4.7 1,126,040 95.3 

1975 144,076 12.9 971,924 87.1 

1976 134,230 11.8 1,001.770 88.2 

1911 134,375 12.6 925.625 87.4 

1918 127,410 15.9 671.590 84.1 

1979 219,215 35.4 400,785 64.6 na 

1980 317,033 35.8 568,967 64.2 

1981 338,205 31.8 726,883 68.2 

1982 332,394 30.6 153,884 69.4 

1983 325,066 31.2 117,227 68.8 

1984 286.354 27.1 702,616 72.9 

1985 560,151 46.1 654.680 53.9 

1986 630,871 48.8 661,J62 51.2 

1987 703,131 52.2 643,300 47.8 

1988 604,224 44.9 140,886 55.1 478.973 35.6 866.131 64.4 

1989 454,519 30.9 1,014,496 69.1 410,441 28.0 1,058,514 72.0 

1990 693,561 44.5 865,152 55.5 514,058 32.9 1,044,655 67.1 

1991 711.799 49.2 803,310 50.8 566.677 35.8 1,014,430 64.2 

1992 769.982 51.8 714.248 48.2 567,242 38.2 916.988 61.8 

1993 711,520 45.6 847.738 54.4 524.692 33.7 1,034.566 66.3 

1994 789,258 53.9 673,896 46.1 551,845 37.7 911,309 62.3 

Source: Lembaga Padi dan Bems Negara (LPN), Malaysia. 
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Milling inefficiency was between 52 and 60%, despite the larger, newer, 
and better equipped mills as compared with the private 

The concentration of paddy to LPN complexes sector. Private mills were able to achieve a 62-64% 
in excess of their drying and milling capacities recovery rate. According to Tan Siew Huey (1987), 
resulted in the milling of poor quality rice. Due to its LPN's processing cost was 42% higher than that of the 
social obligation, LPN was unable to reject deliveries, private mills. As shown in Table 4, the processing cost 
and was more lenient on deductions. It is estimated increased from about MYR 151 per t in 1985 to about 
that the recovery rate for rice at the LPN complexes MYR200 per t in the early 1990s. 

Table 4. Drying and milling costs for LPN complexes (MYR per tonne of rice). 

Item 1990 1991 1992 1993 1994 

Buying cost 

( I) Variables cost 

Transport 7.14 

Agent 2.82 7.64 7.98 6.41 2.65 2.50 

Wages 0.87 5.10 5.50 4.86 4.37 4.01 

(2) Fixed cost 

Emolument 3.06 6.25 6.05 7.15 6.69 5.79 

Drying cost 

(I) Variables cost 

Unloading 4.85 8.97 9.16 7.76 5.60 5.23 

Energy 13.74 19.42 21.30 21.94 21.76 20.31 

Maintenance 3.13 8.14 10.28 8.93 7.08 6.61 

Wages 3.29 5.00 5.31 4.75 4.78 4.46 

(2) Fixed cost 

Emolument 2.43 10.27 9.77 11.89 10.68 10.50 

Depreciation 19.13 16.49 12.41 15.37 13.18 11.63 

Milling cost 

(I) Variables cost 

Unloading 2.31 2.70 3.49 2.50 1.81 1.76 

Energy 8.01 9.96 8.49 10.99 12.01 11.65 

Gunny sacks 7.41 13.54 13.81 13.91 14.3\ 13.88 

Maintenance 3.38 5.79 7.36 6.46 6.52 6.32 

Wages 4.32 2.87 3.12 2.92 3.12 3.27 

(2) Fixed cost 

Emolument 6.36 11.98 8.37 10.22 9.29 9.13 

Depreciation 10.51 8.96 6.96 7.04 8.06 7.75 

Administrative cost 

Emolument 30.19 25.99 30.75 34.88 34.07 32.48 

Transfer HQ cost 6.33 

Other 12.82 33.95 39.75 37.29 43.09 27.32 

Total fixed cost 41.49 89.15 95.80 91.43 84.01 80.00 

Total variable cost 110.62 113.89 114.06 123.84 125.06 104.60 

Total operating cost 152.11 203.04 209.86 215.27 209.07 184.60 

a Ba~ed on the average of six LPN complexes studied by Roslan A. Ghaffar and Azman Hassan (1985). 
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New Shift in Policy 

The new National Agricultural Policy announced in 
1993 stipulates the need to create a more market-orien
tated agricultural sector and the need to reduce govern
ment expenditure on statutory bodies (MOA 1993). 
After a history of three decades of market intervention, 
the government came to realise that the paddy and rice 
sector policy needed to be revised to alleviate ineffi
ciency and high cost to government. LPN also admitted 
that one of the constraining factors that resulted in inef
ficiency was the rigid rice pricing policy, maintained 
while costs for milling, marketing, and paddy have all 
increased (LPN 1995). Realising this, the government 
has taken two major steps that will change the structure 
of the paddy and rice industry. The first move was to 
revise the rice grading system and deregulate the price 
of selected rice in the market on 15 January 1993. 
Before the change, there were nine grades of rice rang
ing from Al to A4, BI to B4, and broken rice. Under 
the new system, there will be only three grades of rice: 
super rice, premium rice, and standard rice. There are 
different quality standards for each category. One of 
the major shifts in pricing policy is that the price of 
super rice will be allowed to float freely in the market, 
while the prices for premium and standard grades will 
be controlled. Also, there will be five price zones in 
Peninsular Malaysia. In each zone, the maximum price 
of each gradc of controlled rice is fixed. 

The second major policy decision was the corporati
sation of the LPN, changing it from a government insti
tution into a semi government entity known as 
BERNAS on I July 1994, this time operating under the 
Ministry of Finance. The functions of BERNAS are: 
buying and processing of paddy; sole importer of rice; 
marketing of rice; management and maintenance for the 
government of the rice stockpile; and management for 
the government of the price subsidy scheme for rice. 
There are three divisions in BERNAS: Production Divi
sion, Marketing Division and Finance/administration. 

Implications of the New Policy 

The bold moves outlined above will indeed bring about 
a change in the industry. Deregulating the price of high 
quality rice is expected to affect the various sectors in 
the paddy and rice industry in a positive way. For 
instance, consumers will now benefIt in that they have 
access to high qual ity rice. if they are willing to pay for 
it. On the other hand, the price limitations on premium 
and standard rice will ensure that the rice consumption 
requirements of the lower income groups are protected. 

Although the price deregulation policy is less than 3 
years old, the market is responding fast. Discussions 
with BERNAS officers indicate that the lifting of price 
control has resulted in overall improvement in drying 
and milling efficiency. Before price deregulation, LPN 

44 

produced a large proportion of a combination of A2 
and B2 rice categories (equivalent to premium cate
gory under the new grading system). In 1994 (2 years 
after announcement), the composition of rice produced 
by LPN had already changed: 45% of the rice pro
duced was super rice category (equivalent to Al under 
the old grading scheme), 45% premium, and the 
remaining 10% of standard grade. According to BER
NAS, the private mills are producing 100% super rice. 
The high percentage of high quality rice suggests that 
the mills (both LPN and private) have improved their 
drying and milling efficiencies to produce high quality 
rice. BERNAS has estimated that the average recovery 
rate will reach 65%. BERNAS also reported that the 
drying and milling cost of rice at LPN complexes fell 
in 1994 (Table 4) as a result of good quality paddy and 
better management practices. 

From the fact that the mills are able to produce high 
quality rice, we can safely assume that the high price of 
super rice has been transmitted fully to the millers and 
farmers (super ricc fetched MYR960/t ex mill in 1994). 
A high price for rice encourages millers to obtain good 
quality paddy and offer farmers higher prices for their 
paddy. If this trend continues, we would expect a revital
isation of the processing sector, as well as better return 
to, and prospects for the paddy production industry. 

Another short-ternl effect of the lifting of rice price 
control is the closure of small and inefficient mills. In 
KedahlPerlis it is reported that five mills increased their 
buying capacity from 2000 bags/day to 10.000--20,000 
bags/day in 1994 to take advantage of the high demand 
for high quality rice (Kwang Meng Daily, 28 July 
1995). It is further reported that these mills produced 
150--200 bags of rice/hour or 2000 bags/day-a capac
ity which the small mills are unable to match. This phe
nomenon confirms the contention that the private mills 
were previously underutilised. Secondly, with an open
market system, we would expect that, in the long run, 
ineflicient mills will be displaced by the efficient oncs. 

The corporatisation of LPN as BERNAS is expected 
to foster competition in the paddy and rice market. 
BERNAS is no longer a buyer of last resort: it is now 
driven by the profit motive. Its social obligations have 
been minimised to: monitoring the stockpile scheme 
and managing the price subsidy scheme for the govern
ment. With its new policy orientation, the former LPN 
complexes are expected to compete directly with the 
private traders this time with minimal intervention 
from the government. 

Conclusion 

The paddy and rice policy in Malaysia evolved from a 
free market in the 1 950s, to a highly regulated one 
covering production, processing, marketing, importing, 
and pricing in the 1980s. lbe interventionist policy 
came with a high price to the industry. LPN's direct 



involvement in procurement, processing, and rice price 
control undermined the role of the private sector. 

The government policy also brought structural prob
lems to the industry. The major consequences were the 
prevalence of excess capacity and of under-investment 
in drying facilities among private millers. Much of the 
investment in new capacity and machinery before 1993 
was by LPN. The new investment in various instances 
has been shown to be ineffective in improving LPN's 
processing efficiency. LPN competed with the private 
millers in paddy purchases, not for economic reasons 
but governed by the social objective of protecting 
paddy farmers. By doing so, LPN complexes were 
overstrained with wet and poor quality paddy. The leni
ent paddy deduction system and the policy of commis
sioning paddy drying and milling to the private millers 
led to a direct income transfer from LPN, both to the 
producers and the millers. LPN, on the other hand, had 
to bear high losses due to deterioration of wet paddy at 
its overused facilities. The impact of the market inter
vention stratcgy on paddy drying was reflected in the 
low recovery rates for rice achieved by LPN com
plexes, i.e. between 55--60% compared with 60--65% 
by the private millers. Recognising these problems, the 
government decided to withdraw market intervention in 
stages, starting with the floating of selected rice prices 
in 1993 and corporatisation of LPN in 1994. Observa
tion of the short-tern) effects of these two policies sug
gests that the market is responding well to the 
strategies. Although the new policy is aimed at liberal
ising the domestic paddy and rice market, the functions 
of the BERNAS do not imply so. This is because BER
NAS is still a sole importer of rice-a strategic function 
which will have direct int1uence on the supply of rice in 
the country. Hence, the price of rice may not be freely 
determined by market forces as intended. 

Despite the liberalisation, the government is cur
rently inclined not to encourage new entry to the rice 
processing industry. A check with the Monitoring 
Division of the Ministry of Agriculture indicates that 
very few milling licenses have been issued recently. 
This appears consistent with the present situation in the 
industry, whereby excess capacity is quite severe. 
Among the private millers, many of those who were 
previously inactive are now back in business. This will 
also influence the down time of those who are already 
operating. Considering that the industry is responding 
well to market signals, there is a need to upgrade the 
technology of the industry, particularly in the private 
mills. As the industry is liberalised further, the market 
is expected to continue to demand better quality rice. 
Hence, investment in drying technology is clearly a 
direction that needs to be assessed. At the same time, 
the industry should be encouraged to converge toward 
a more competitive structure. Gradual liberalisation 
and reduction of BERNAS' dominance in the market 
would facilitate this. 
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Problems and Priorities of Grain Drying 
in the Philippines 

Silvestre C. Andales* 

Abstract 

Statistics on grain production in the Phi! ippines are presented to indicate the extent of drying requirements. 
Rice, maize, and some legumes are covered. 

The postproduction sector of the country is shared by government agencies, financial institutions. private 
traders/processors, farmers, and farmer organisations. The grains postharvest systems indicate where and 
who does the drying. 

The status of grain drying in the Philippines is described in terms of the types of dryers, methods of dry
ing, adopters of drying. and the suppliers/manufacturers of dryers. 

The problems and constraints in the adoption of drying technologies include: inadequate pricing system; 
small volumes of produce; high cost of drying; inexperienced farmers organisations; lack of skilled dryer 
operators; lack of aggressive extension programs; and poor quality of, and laek of after-sales service on 
postharvest machinery. 

Current priorities include: wet grain handling; banning of highway drying; cooperative development; 
provision of soft credit, technical assistance, and training of different postharvest sectors; increased R & D 
support; and direct government intervention through the Grain Production Enhancement Program (GPEP). 

Short- and medium-term plans for postproduction R&D activities include a JlCA-NAPHIRE program. 
project self-reliance, and implementation of a postproduction crisis act. 

DURABLE crops such as grains and legumes nonnally 
need drying for preservation before storage or subse
quent processing. Statistics on Philippines production 
of durable crops in 1993 are given in Table I. 

Because of the sizable volume of harvested rice 
and maize, the drying requirements of these two sta
ple crops are more important than those of the other 
crops listed in Table I. The problem lies in the fact 
that about half of the rice and maize is harvested dur
ing the rainy season (Sep.-Dec.). The rest of the har
vest and harvesting of all the other crops nonnally 
coincides with the dry season of the locality or region. 
No problems ensue, because the nonnal way is sun 
drying on a concrete drying pavement. For the wet 
season paddy and maize harvest, on the other hand, 
about 7 Mt of grain need mechanical drying. Mechan
ical drying capacity in the country is estimated to be 

only 30% of the wet season requirement, leaving 
about 70% of the wet crop to be either sun dried with 
much delays (when sunshine is intermittent) or not 
dried at all. This results in much damage to the har
vested grains and thus high postharvest losses are 
incurred. 

* National Postharvest Institute for Research and Exten
sion, CLSU Campus, Munoz, Nueva Ecija, Philippines. 
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Table 1. Areas and production of durable crops that need 
drying. 

Area '000 ha Quantity '000 t 

Rice 3282.40 9434.30 

Maize 3149.30 4798.00 

Sorghum 0.52 1.36 

Soybean 8-22 4_05 

Mungbean 33,09 23.42 

Peanut 44.91 34.03 

Coffee 212.70 123.20 

Cacao 16.80 7.70 



The postproduction sector 

There are several players in the Philippine posthar
vest sector. The government is represented by agen
cies such as the Department of Agriculture (OOA), 
the National Food Authority (NFA), the Government 
financial institutions (Land Bank of the Philippines 
and the Development Bank of the Philippines), the 
Quedan Guarantee Corporation (QUEDANCOR), 
and the Agricultural Credit Policy Council (ACPC), 
and by R & D institutions such as the National Post
harvest Institute for Research and Extension 
(NAPHIRE), the Philippine Rice Research Institute 
(PHILRICE), the State Colleges and Universities 
(SCUs), Bureau of Agricultural Research (BAR), the 
Philippine Council for Agriculture, Forestry & Natu
ral Resources Research and Development 
(PCARRD). 

Private sector players include farmers and farmer 
organisations. traders and processors, and wholesal
ers and retailers in the market. 

Postharvest systcms of durablc crops 

The postharvest systems for some of the durable 
crops are shown in Figures \-5. It may be noted that 
drying takes place at different points in the various 
systems. Also, it should be observed that different 
subsectors assume responsibility for different post
harvest operations. Drying is done both by farmers 
and by traders/processors, with the latter assuming 
the bulk of the responsibility for drying. 

Status of Grain Drying 
in the Philippines 

Drying remains the most neglected of postharvest 
operations. Farmers do not dry because they want to 
dispose of their produce immediately so as to get cash 
for their immediate needs. Besides. they cannot afford 
to buy mechanical dryers. The traders and processors 
can be selective in their procurement. They can simply 
stop buying from farmers if the grain is not dried or 
when their facilities are full. For farmers delivering 
grain to obtain the government floor price of PHP6.00f 
kg (during October 1995 ca 25 Philippine pesos (PHP) 
= $US1), the NFA normally encourages the delivery 
of grain that is clean and has been dried to 14% mois
ture content (m.c.), but it docs not specify how the 
drying should be done. 

The net resu It is thus generally poor quality of 
grains in the marketplace, due to delay in drying. In 
the ease of rice, the subsequent milling process results 
in low milling recovery due to a high percentage of 
breakage in milling of inappropriately dried paddy. 

The most prevalent drying practice up to the present 
is sun drying on concrete pavements, either on the 
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highways or basketball courts. Before the advent of 
GPEP (Grains Production Enhancement Program) it is 
estimated that only about 12% of the grain harvest was 
dried using mechanical dryers. Of the total mechanical 
dryers then in the country, 90% are in the government 
sector (NFA, NAPHIRE, and SCUs). 

Types of mechanical dryers 

Different types of mechanical dryers. both locally 
manufactured and imported, are available in the mar
ket (Table 2). Most of the locally made dryers are of 
smaller capacity, while the large capacity installa
tions are imported from the western countries, Japan, 
and China. 

Government intervention: GPEP 

Cognizant of the critical problem of drying. the 
government, through the Department of Agriculture, 
has embarked on a five-year (1993-1998) Grains Pro
duction Enhancement Program (GPEP) whose main 
components are irrigation, postharvest and farm-to
market road infrastructure. Other components of the 
program cover subsidies in production inputs, train
ing, credit, and marketing. 

Domestic 

Export 

Marketing 

( DistribUtiOn) _-------J 

Figure 1. Flowchart of the commercial level rice post pro
ductiOll system in the Philippines. 



I Harvesting ~ I Dehusking ~ 
, L--r------' , 

not rec6mmended 
prach~e , , 

L-----.;------' -----i Shelling 

Figure 2. Flowchart of the maize postproduction system 
in the Philippines. 

The postharvest component of GPEP is a subpro
gram which aims to provide postharvest facilities to 
farmer organisations (cooperatives) through grants 
andlor soft credit for their purchase. A master plan for 
the postharvest component of GPEP was formulated, 
indicating the philosophy and vision of the subpro
gram and the yearly targets of different postharvest 
facilities to farmer organisations for each GPEP prov
ince and congressional district. The master plan has 
the aim of providing, as government intervention, 
20% of the total postharvest facility requirements for 
each province and congressional district. 

Assistance to a farmer cooperative is provided 
according to its level of development. For example, a 
newly organised and registered cooperative is given 
a multipurpose drying pavement (MPDP) for its dry
ing needs close to the farms. On the other hand, a 
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(43°C) 

Seeds 

Figure 3. Flowchart of the soybean postproduction system 
in the Philippines. 

cooperative which is more developed, has a ware
house and has begun to engage in paddy trading, is 
given, as a grant, a small mechanical dryer to allow it 
to procure paddy even during the rainy season. 
Finally, those highly developed cooperatives that are 
already capable and experienced in business opera
tions, will now graduate to a level where they can 
have rice mills and trucks to process and market their 
produce thus maximising their profits by adding 
value to their produce. 

After two years of implementation, the postharvest 
subprogram of GPEP has distributed some 6000 
MPDPs and about 3000 mechanical dryers, as grants, 
to farmer organisations and local government units. A 
budget of about PHP3 billion (US$120 million) had 
been spent or allocated by the government through 
GPEP up to 1996. This will be for both post harvest 
facilities (grants or loans) and operating capital for 
farmer cooperatives. The program implementation has 
been enhanced and well supported due to the recent 
rice crisis (shortage) and the advent of GAIT - WTO 
participation. The yearly allocation of the different 
postharvest facilities is shown in Table 3. 
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stick 
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Figure 4. Flowchart of the mung bean postproduction in 
the Philippines. (above) 

Figure S. Flowchart of the peanut postproduction system 
in the Philippines. (right) 

The postharvest component of GPEP is being 
implemented by various government agencies. 
NAPHIRE leads on the commercialisation of post
harvest facilities. NFA and QUEDANCOR assist in 
the marketing aspect of farmers produce. ACPC and 
the Land Bank of the Philippines (LBP) provide soft 
credit. The National Agriculture and Food Council 
(NAFC) and the Agricultural Training Institute (A TI) 
provide training and information dissemination. 

Problems and Constraints in 
Grain Drying 

There are several constraints and problems that 
plague grain drying in the Philippines. Most of these 
are difficult to resolve because they are systemic to 
the Filipino culture and the poor state of the national 
economy, and would take much SOCiopolitical will to 

49 

Harvesting 

- 30-45% m.C. 
- plant pulling 

side plowing 

Field Drying 
(dry season crop) 
- windrowing 
- stacking 

Transporting 
-cart 

tricycle 
-truck 

Procurement 
agents 
assemblers 
retailers 
wholesalers 

Processed foods 

boal 

Food 

Stripping or 
threshing 

manual 
- mechanical 

Hand shelling 
2-4 weeks 

before planting 
10%m.c. 

Seeds 

rectify. Described below are some of the constraints 
that are likely shared, at least in part, with other 
ASEAN countries. 

Small volume of individual farmer's produce. The 
average land holding of the Filipino fanner is 1.5 ha 
for rice and 6.25 ha for corn. As such, the volume of 
produce harvested in one season does not warrant the 
acquisition of a mechanical dryer. The farmer thus 
tries to dispose of his product immediately, passing 
the responsibility for drying to the traders/processors. 
This results in delays in drying that lead to deteriora
tion of grain quality. 

No premium for good quality grain. lnere is insuf
ficient incentive to farmers to dry their grain before 
selling to traders and processors. There is no differ
ence in price between grain that has been promptly 
and well dried in a mechanical dryer and grain that has 
been dried after much delay or inappropriately. NFA 
simply requires clean, dry grain at 14% m.c .. It does 



not specify how or when the grain should be dried. In 
the case of rice, delays in drying or inappropriate dry
ing result in breakage during the subsequent milling 
process. In the case of maize, delays in drying result in 
fungal infestation and aflatoxin contamination. 

High cost of drying. There is a view that the cost of 
mechanical drying is too high compared with sun dry
ing. Sun drying cost ranges from PHP3-5 per bag (50 
kg) or 6-10 centavos per kg of grains while the cost 
of mechanical drying ranges from PHP6-12 per bag 
or 12-24 centavos per kg, depending on the fuel used 
for heating the drying air. 

The comparison is not completely valid. During 
rainy days when sun drying is not feasible there is no 
alternative to mechanical drying. Most people in the 
postharvest chain take a risk and hope that the sun 
will shine tomorrow or later, and so they wait to sun
dry their grain. However, more often than not, the sun 
does not shine, or shines only briefly before a sudden 
shower rewets. The net result is delay in drying, and 
thermal and moisture stresses on the grain that result 
in breakage during rice milling and aflatoxin contam
ination of maize. 

Table 2. Types, capacities, source of supply, and prices of grain dryers currently available in the Philippines. 
---------.---.------
Type of dryers 

Batch Type 

Flat bed 

Twin bed 

Reversible flat bed 

Columnar (Kongskilde) 

In-store 

Capacity 

2 tJ6-8 hours 

3 tJ6-8 hours 

2 tJ 4-6 hours 

10 tJ8-12 hours 

60116 days 

Manufacturer supplier/dealer 

14 local accredited manufacturers 

Marinas Industries, Pila. Laguna 

Kuizon, Tacloban Leyte 

Scancon (imported), Manila 

NAPHIRE 

Continuous Recirculating type 

LSU 1-4 tlhour Pasdiscor (local), Pasig Rizal 

Cimbria 

Shanzer 

Satake 

Suncuc 

Flash Dryers 

Columnar 

Rotary 

Fluidised bed 

10-15 tlhour Padiscor (imported, Denmark), Pasig. Rizal 

10-15 tlhour Leverson (imported. USA), Pasig, Rizal 

5-10 tlhour Mechaphil (imported, Japan), Pasig, M.M. 

1.2-61110-12 hours H & E Enterprises Inc. (imported Taiwan), 
Tondo, Manila 

500-600 kg/hour 

600-800 kg/hour 

500 

14 local accredited manufacturers 
(all over the country) 

a During October 1995, ca 25 Philippine pesos (PHP) SUS I. 

Market price in 
Philippine pesos· as 

at 1995 

65,000 

130,000 

130,000 

2.6M 

250,000 

1-2M 

-5-10 M 

-10-15 M 

-3-5 M 

4DO,OOO 

100,000 

100,000 

85,000 

Table 3. Number of units of different postharvest facilities as distributed and targeted in the GPEP Program. 

Year 

1993-94 

1994-95 

1995-96 

1996-97 

1997-98 

Total 

Multipurpose drying 
pavement 

539 

4135 

1733 

3723 

1870 

12000 

Mechanical dryer 

2553 

505 

5746 

3196 

12000 

50 

Farm level grain Farm level grain 
centers, level I centers, level 2 

221 15 

150 30 

929 120 

2500 835 

3800 1000 



The disparity in the cost of drying is acceptable 
when one considers that mechanical drying has 
advantages in terms of insuring the quality of the 
grain and reducing quantitative postharvest losses. 

Some five years ago the feed industry was not will
ing to spend more than five centavos per kg for 
mechanical drying of maize. Lately, however, Purine, 
a U.S. based animal feed manufacturer, is paying 20 
centavos/kg more for an aflatoxin-free maize for their 
feed product. Similarly, some enterprising rice mill
ers invest in good mechanical dryers to produce 
milled rice with 95-100% whole grains for the high
end market in Metro Manila. 

Cooperatives not ready to adopt modern posthar
vest technologies. The cooperative movement in the 
Philippines was initiated by government as early as 
the 1930s. At present, both government and non
government organisations (NGOs) support and 
encourage the formation of farmer cooperatives. The 
goal is to organise the Filipino farmers with small 
landholdings to combine their resources so as to have 
a collective undertaking that can afford to acquire 
costly but efficient machinery and facilities that are 
beyond the reach of individual farmers. Unfortu
nately, the development of cooperatives has been, in 
general, very slow. Successes have been few and 
more evident among groups led by religious organi
sations. Evidently the operating principle of coopera
tivism and the socioeconomic and moral values 
required of members are, for the most part, lacking. 
Thus, in spite of government and NGO assistance 
programs cooperatives remain at a primitive state of 
development. In general, the cooperatives are not 
able and willing to manage integrated postharvest 
facilities (specifically dryers and drying operations) 
for their entrepreneurial/business operation. More 
hands-on training and experience are needed for 
cooperatives to become entrepreneurs. The drying 
operation should be integrated into the whole busi
ness operation of procurement, processing, and mar
keting. At present most of the cooperatives would not 
satisfy bank requirements if they sought to borrow 
for postharvest facility acquisition. 

Lack of skilled personnel for drying and other post
harvest operations. In general, much more needs to 
be done to develop the technical personnel comple
ment for the postharvest industry. While training 
courses have been conducted for technical people in 
the postharvest industry, most trainees subsequently 
took opportunities to get more challenging and better 
paid jobs, both at home and overseas. This resulted in 
a brain drain of technicians and operators from the 
postharvest industry to other sectors. 

More technicians need to be recruited, and continu
ously trained, to fill the gap created by those who left 
for what they saw as greener pastures. Specifically, 
those who are to operate the dryers should be taught 
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the basic principles of drying and its importance and 
implications for grain quality. Temperature control, 
fuel economy, and safety measures should also be on 
the curriculum. 

The training programs needed have been initiated 
by government institutions such as Agricultural 
Training Institute, National Food Authority, and the 
National Postharvest Institute for Research and 
Extension. Also, the suppliers and manufacturers of 
dryers in government programs are required to con
duct operator training as part of their after sales serv
ice to the end-users. 

Lack of technology transfer and industrial promo
tion programs. Research and development in grain 
drying had been pursued by various institutions in the 
Philippines. As a consequence, many drying technolo
gies have been generated during the last 30 years or 
so. In addition, other drying technologies were gener
ated by overseas institutions. Unfortunately, few of 
these have been adopted commercially. Many of the 
technologies have remained in the display rooms and 
the bookshelves of R&D institutions. There is a need 
for more pilot testing, aggressive extension, and com
mercialisation of these technologies to the end users. 

A stalemate usually occurs between the end users, 
the manufacturers, and the bankers. Normally, end 
users will not be interested and attracted to technolo
gies that are not in commercial, ready-to-use units 
that have been tested and proven to work for their 
purpose. On the other hand, the manufacturers of 
these technologies are not willing to invest on jigs 
and fixture to mass produce units without a job order 
from end users. Likewise, the financial institutions 
(the banks) will not lend their money both to the end
users and manufacturers if their lending requirements 
are not met or complied with. 

Our approach to this situation at NAP HIRE was to 
stimulate activity by creating a minimum inventory of 
postharvest machines (sheller, dryers, etc.) by placing 
an order of five units of each kind to accredited man
ufacturers, aggressively promoting the technologies 
to farmer cooperatives and local government units, 
and forging a tie-up with the Land Bank of the Philip
pines for soft credit. 

Lack of capability to manufacture and to sustain an 
after-sales service to equipment end-users. One of the 
reasons why mechanical dryers are not popular in the 
Philippines is the fact that the end-users have had bad 
expcriences with earlier units. Due to lack of manu
facturing and business expertise, manufacturers/fabri
cators (specifically the small ones) did not strive to 
produce quality products. The workmanship was gen
erally poor, and the units invariably broke down dur
ing critical operations when they were still relatively 
new. The end-users would then call up the supplier/ 
manufacturer to repair or replace broken parts, only to 
be frustrated and disappointed because there was no 



immediate response. Meanwhile, the grain deterio
rates and spoils because the dryers are not opera
tional. Remedial measures are taken by the end-users, 
but with bad feelings towards the supplier/distributor 
of the product. After several incidents like this, other 
would-be adapters are discouraged and hesitant to 
risk having the same bad experience. Others who can
not dispense with drying resort to importation of 
branded products. Normally these are expensive and 
small-scale cnd-users cannot afford such equipment. 

To maintain a healthy drying subsector in the post
harvest industry (or any machine operation for that 
matter) the manufacturer should produce quality dry
ers so as to sustain the use of dryers by the farmers, 
cooperatives, private traders, and millers. 

Current Priorities in Drying in the 
Philippines 

It is a national goal to be self-sufficient in staple food 
and feedstuffs. It is everyone's desire to contribute to 
this noble goal. Farmers want to produce more and 
get the maximum return for their efforts. Consumers 
desire affordable and good quality food grains. In 
between the producers and consumers, it is also the 
desire of those in R&D, in policy advocacy, and in 
the busine~s seetor that food security, self sufficiency, 
and good :ood quality will be sustained. In this con
text, the following activities are considered high pri
orities in the Philippines. 

Drying during the wet season and typhoons. Every 
year, everyone in the postharvest subsector recognises 
the need for mechanical dryers. This is very true during 
the rainy season in the major grain-producing areas 
such as the Cagayan Valley in the north, Region III in 
Central Luzon, Panay Island in Central Philippines, 
and practically the whole of Mindanao in the south. 
During this time all types of dryers are utilised. Every 
highway and paved road system is used when the sun 
shines between downpours of rain. NFA, NAPHIRE, 
and other government agencies allow their drying 
facilities to be used by farmers and cooperatives. 

Banning highway drying. In 1992 a study was con
ducted to determine who was using the Maharlika 
highway, the main road that connects Metro Manila 
and Cagayan Valley in the north, for grain drying dur
ing harvest time. It was found that, on the 100 km 
from PJaridel, Bulacan to San Jose City in Nueva 
Ecija, 70% of the volume of thc grains dried on long 
stretches of half of the road was owned by traders and 
millers. Only 30%, in short stretches, was owned by 
the farmers. The loss associated with highway drying 
was found to be about 3.0%. 

In the province of Nueva Ecija, where NAPHIRE is 
located, a highway drying ban has been successfully 
implemented by NAPHIRE. Starting with the munici-

52 

palities of Munoz and Talavera, the project was 
launched in mid 1993. By the end of 1994 the whole 
province of Nueva Ecija was saturated with bill boards 
bearing messages of the disadvantages of highway 
drying, together with the municipal and provincial 
ordinances prohibiting the use of the highways for 
grain drying. Proven for both dry and wet seasons the 
ban was successfully implemented. Next in line was 
the province of Bulacan, towards \1anila. Discussion 
with the Governor of Bulacan was initiated and, with 
his full support, the implementation was to be com
pleted in the fourth quarter of 1995. 

Farmer cooperative development through posthar
vest activities. As mentioned earlier in this paper, coop
erative development in the Philippines has been very 
slow and less than succesful. One of the reasons for 
this is the fact that most of the existing farmer coopera
tives are not equipped with integrated postharvest facil
ities, so much so that they sell their harvested grains in 
the raw unprocessed form to the traders/processors or 
to NFA. Thcy add no value to their produce so that the 
returns on their farming efforts are not maximised. It is 
very strongly believed that the success of cooperatives 
will be enhanced if they are allowed to process their 
produce before selling it direct to the consumers. 
Instead of just selling paddy right after harvest, they 
could sell milled rice at the right time and the right 
price if they can acquire ricemills and warehouses. In 
the case of maize, the cooperatives could sell milled 
animal feed or corn grits for food if they are equipped 
with corn mills or feed mills instead of just selling the 
shelled maize or maize cobs. 

Towards this goal of empowering the farmer coop
eratives the government embarked on a program enti
tled the Grains Production Enhancement Program 
(GPEP), which provides both grants of small dryers 
and soft loans for the other postharvest facilities 
including operating capital to the cooperatives. 

Assistance fa postharvest facility manufacturers. 
To provide sustainability in the development of the 
postharvest sector in general and the drying subsector 
in particular, attention and assistance to the manufac
turers should be given. Thus, with the initiation of 
NAPHIRE in collaboration with the National Agri
culture and Food Council (NAFC), the Agricultural 
Machinery Testing and Evaluation Center (AMTEC), 
the Agricultural Machinery Manufacturef and Dealer 
Association (AMMDA), and the Committee on Agri
cultural Mechanisation (CAM), a program of accredi
tation among the manufacturers has been established. 
It is envisaged that the machinery and equipment pro
duced by these accredited manufacturers will be of 
high quality thereby protecting the investment of end
users of such facilities. Plans for providing soft credit 
to manufacturers are being initiated to enhance the 
development of the dryer industry in particular, and 
the postharvest subsector in general. 



Medium and Long-term Plans in 
Postharvest Subsector 

As indicated above the GPEP is a five-year govern
ment intervention program that caters to about 20% 
of the total postharvest requirement of the country. 
To insure the sustainability of the GPEP postharvest 
component, medium and long-term plans are being 
initiated by the different units of the Department of 
Agriculture either for pilot testing, donor funding, or 
congressional legislation. The following three post
harvest-related projects are being pursued. 

A. Project Self Reliance (PSR). This scheme has 
been implemented as a pilot project in which two fed
erations of primary cooperatives are allowed to take 
over the function of the National Food Authority 
(NFA). One federation (FEPACOM) is operating at a 
municipal level: some 30 primary cooperatives are 
federated to assume the function/activities of NFA in 
the procurement, handling, processing and marketing 
of riee in Munoz, Nueva Ecija. The other federation 
(DAFEDACO) operates on a provincial level where 
some 50 big cooperatives are federated to take over 
the function/operation of NFA in the province of 
Davao Norte in Mindanao. Still plagued with opera
tional problems, these secondary (Federated) cooper
atives are determined to continue, since they see big 
potential for the empowerment of the farmers. 

B. NAPHIRE J/CA Cooperative Development. 
This is a project that has been short listed by the 
National Economic Development Authority (NEDA) 
for submission to the Japanese International Cooper
ating Agency (nCA) which aims to enhance the par
ticipation and success of cooperatives through 
postharvest enterprise apprenticeship training. This 
project will provide the incubation period for a coop
erative to practice, at a commercial-scale, the actual 
activities of a postharvest enterprise. Without invest
ing in capital cost, the cooperative will run the post
harvest business of procurement, handling, 
processing, and marketing of the farmers' produce. 
Upon gaining the experience and confidence in 1-2 
years of actual business operation, the cooperatives 
will be ready to borrow money from the banks to put 
up their own processing plants. Costly failures are 
thus minimised to enhance its rapid development. 

C. National Postproduction Crisis Act. The rice 
crisis that has plagued the country recently, where the 
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price of the staple food (rice) had doubled due to 
shortage in production and the delay in rice importa
tion, has prompted some legislators to initiate the 
Postproducfion Crisis Act. The bill, presently being 
prepared by NAPHIRE, aims to avoid the recurrence 
of the crisis and to prevent the occurrence of short
ages in other commodities such as maize, fruits, and 
vegetables. Among other provisions, the bill specifies 
that NFA should procure milled rice rather than 
paddy from the cooperatives. The bill also suggests 
that the private traders and millers should modify 
their business ownership from single proprietorship 
to corporations that include the farmers and coopera
tives as stockholders of private millers. This would 
become the basis for a federation of primary coopera
tives where the cooperatives now market mllled rice 
to the mlllers, rather than paddy. The millers in turn 
would concentrate on marketing of the milled rice to 
the consumer markets. The cooperatives would thus 
retain the maximum profit of their farming operations 
by adding value to their produce before selling to 
traders, millers, or consumers. 
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Problems and Priorities of Grain Drying 
in Thailand 

Maitri Naewbanij* 

Abstract 

This paper describes changes that have occurred in the rice postharvest praetices of Thai farmers. An abrupt 
development of the industrial sector caused a serious fann labour shortage which resulted in intensive use of 
farm machinery. Locally manufactured combine-harvesters have been widely used in the major rice-produc
ing areas. A reduction in the times for harvesting and handling. together with high moisture content of the 
harvested product. caused a sharp drop in the price of rice to below its production cost. To solve the problem. 
the Thai Government remitted over 250 million baht in soft loans to millers and collectors to install dryers. 
It also provided subsidies of over 250 million baht to fanner institutions to secure appropriate dryers. 

A follow-up survey of tbe method of drying and type of dryer installed showed that sun drying was still 
the major means of drying at mill and collector levels. Dryers in use were found to be mostly of the mixed
flow type, with holding capacities around 2S t. They were operating as grain recirculating batch dryers. 
Some of the dryers found were of the millers' or collectors' own designs. Fluidised-bed dryers were found 
to have some potential at the collector level. Twenty 6 t (holding capacity) dryers had been installed al 10 
farmer groups. Only five of the groups were using them. 

RICE is the major economic crop in Thailand. Rice 
occupies a planting area of about 9.6 million ha and 
involves more than 70% of the fanners in the coun
try. The annual production of rice is around 20 Mt, of 
which 14 Mt is consumed locally (Pungbun Na 
Ayudhya 1994). Rice is planted in two crops per 
year. The main crop is planted in July and harvested 
in October-November and contributes about 89% of 
the total production. The second crop, planted in 
May and harvested in July-August, contributes the 
other 2.3 Mt. 

Rice postharvest practices of Thai fanners have in 
the past been labour intensive. Harvesting was done 
manually, using a sickle to cut the stalks of rice, 
which were then bundled together and left in the field 
for 3-4 days for sun drying. The bundles were then 
collected together as a pile awaiting threshing. The 
pile of rice might remain in the field for over a week, 
until the fanner was able to hire a custom thresher. 

* Postharvest Engineering Research Group, Agricultural 
Engineering Division, Department of Agriculture, 
Chatuchak. Bangkok 10900. Thailand. 
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Those practices applied both to the main crop and the 
second crop. Quality deterioration due 10 insufficient 
drying was minimal. 

The practices of fanners have now changed, how
ever, due to the rapid development of the industrial 
sector. More and more labour has migrated to the 
industrial sector each year. Consequently, farmers 
have been forced to substitute machinery for manual 
labour. Harvesting, threshing, and cleaning, which 
were formerly labour intensive are now done by com
bine harvester. Yok-u-bol (pers. comm., 1995) esti
mates that there are about 1500 units of the locally 
manufactured combine-harvester being used in the 
central and upper central regions of Thailand. The 
average harvesting capacity of a combine-harvester 
would be about 20 t/day. They are operated on a cus
tom hiring basis. 

Problems and Priorities for Rice Drying 

Due to the wide use of the combine-harvester in the 
major rice-production areas, the time needed for har
vesting has been appreciably reduced. In addition, the 



harvested rice has a high moisture content (22-24%). 
This has created handling problems for the millers 
and local traders since farmers cannot dry their rice as 
previously. 

The Department of Internal Trade of the Ministry of 
Commerce conducted a survey in 1992 on the number 
of mechanical rice dryers available in the major pro
duction areas. It found that there were only I 17 dryers 
available in 17 provinces, having a total drying capac
ity of 7045 tJday or about 507240 t per harvesting sea
son. Considering that 2.3 Mt of rice of the second crop 
are harvested in the rainy season, the capacity of those 
dryers could cover only 25% of this. Expansion of sun 
drying floor area is restricted due to the increasing 
price of land, and labour costs have risen. Sun drying 
has thus become an expensive operation. 

The circumstances described above have caused 
serious problems to the farmers and millers. The price 
of rice dropped sharply to below production costs dur
ing 1992-1993. Millers and traders could not gamble 
on the rapid deterioration of high moisture rice. 

Government Policy on Rice Drying 

The government recognised the drying needs of the 
country, and implemented a four-year project in 1993 
with a budget of over 500 million THB (during Oeto
ber 1995, ca 25 Thai baht (THB) US$I.OO) for mill
ers, collectors, and farmer institutions to purchase 
mechanical rice dryers. The purpose was to distribute 
those dryers in the major rice production areas to help 
reduce the deterioration losses. The project has two 
strands: (I) providing soft loans for millers and col
lectors to install large dryers (120 t/day capacity); and 
(2) subsidising about 50 million THB per year for 
farmer institutions to purchase smaller drying units 
(30 t/day capacity). The former is undertaken by the 
Ministry of Commerce, and the latter by the Ministry 
of Agriculture and Cooperatives. 

Technical and Operational Aspects of 
Dryers at Miller and Collector Level 

Chern-ak -sorn (Unpublished data, [995) conducted a 
survey on rice drying at miller and collector levels in 
the central region of the country and found that sun 
drying is still the major practice of millers and collec
tors. However, there is an increasing trend towards 
the use of mechanical dryers. The dryers found at rice 
mills and at collectors were imported, locally manu
factured. or of the millers or collectors own design. 

The imported dryers were mostly small dryers with 
a holding capacity of 6 t, or 10-18 tJday drying capac
ity. This type of dryer has been widely used in Japan 
and Taiwan, and is known as a tin ish dryer. It is a 
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grain recirculating batch drying type equipped with 
automatic moisture control. Because of its small 
capacity per unit, millers or collectors have to pur
chase several units in order to satisfy their daily dry
ing requirements. 

At present there are about tive dryer manufacturers 
in Thailand. Four of them make large dryers having 
drying capacities of over 120 t/day. Most of them are 
mixed-flow types using rice hulls or heavy oil as fuel 
for generating hot air for drying. The dryers operate 
as a grain recirculating batch dryers. A fluidised-bed 
dryer using 80% recycled hot air has recently being 
introduced by another manufacturer and is gaining 
acceptance by collectors due to its fast drying rate and 
low investment cost. Aside from the imported and the 
locally manufactured dryers, there were also quite a 
number designed and constructed by the owners of 
rice mills or by traders. Some of them had a poor dry
ing performance. 

Mechanical drying of rice is a rather new technol
ogy in Thailand. Many users and manufacturers are 
probably still struggling with the principles and prac
tices of rice drying. Many of the large dryers having a 
holding capacity of over 25 t and operating as grain 
recirculating batch dryers can reduce moisture at only 
about 1-2% per hour. while the nornlal mixed-now 
dryers used in the USA for mUltipass drying can 
reduce moisture by 3% per pass (Kunze and Calder
wood 1980). Intensive training courses on the princi
ples and operation of rice dryers should be provided 
for users and manufacturers. A National Standard and 
Test Code for the performance of rice dryers should 
also be established. 

Technical and Operational Aspects of 
Dryers at Farmer Institutions 

A dryer project for farmer institutions has recently 
been implemented. The project involves three gov
ernment agencies. The Department of Agriculture, in 
cooperation with the Department of Agricultural 
Extension and the Cooperatives Promotion Depart
ment, sets out criteria for dryer selection. The Depart
ment of Agricultural Extension and the Cooperatives 
Promotion Department are responsible for sclecting 
appropriate sites for dryer installation. During the 
1994 fiscal year, five units of 120 tJday capacity were 
installed at the rice mills of cooperatives, and 20 units 
of 18 tJday (6 t holding capacity) were installed at 10 
farmer groups. An intensive training course on dryer 
operation and management for dryer operators was 
conducted. A follow-up study on the utilisation of the 
dryer at farmer institutions was conducted in the fol
lowing year. The results showed that the 120 t/day 
dryers installed at cooperatives' rice mills were inten
sively used. However, only 5 of the 10 farmer groups 



were using the 2 x 18 t/day dryers installed, and only 
two of those groups were using them intensively. 

Drying Strategy 

Rice drying in Thailand may be done in two ways 
depending on the prevailing prices. At collector or 
central market levels, the incoming wet rice may be 
partially dried to 18-20% moisture content, then sold 
to the millers within 2 days. The collector buys wet 
rice fresh from the field at about 20% below the offi
cial price. In addition, the collector deducts 12-15 kg 
per percentage point of excess moisture per tonne of 
wet rice. By so doing the collector has a margin of 
20% to cover risk and transportation. The weight 
deduction per point of excess moisture is not by itself 
enough to cover the drying costs. However, the col
lectors might dry some amount of rice down to 15% 
if he feels that the future market price of rice will be 
higher. Rice millers, on the other hand, may not have 
suftlcient drying facilities to cover mill requirements. 
They are forced to purchase the partially dried rice 
from the collector and further dry it 10 about 15% 
moisture content. The miller might also buy wet rice 
from the fanner, then custom hire drying facilities to 
dry his rice. The fonn of transaction for wet rice 
would be the same as that of the collector. However, 
if the miller brings partially dried rice from the col
lector, the price is set according to the official price, 
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with 12-15 kg weight deduction per percentage point 
of excess moisture. 

In the case of an individual member of a fanner 
group who owns about 12 t wet rice at an average 
24% moisture content, if he uses the existing dryer at 
the fanner group he will pay for the drying service at 
THB20/t per percentage point of moisture reduced. In 
addition, he will pay another THB80 per batch for 
loading and unloading services. To dry the rice from 
24 to 15% moisture content he will pay about 
THB2320 for drying services. Assuming the official 
price per tonne of rice at [5% moisture content is 
THB3500, then the net deduction including weight 
loss will be THB6768. However, if he sells his wet 
rice at the field the net deduction will be THB 12,936. 
There will be a margi n of THB6168 if he sells the dry 
rice to the miller. 
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Grain Drying in Vietnam: Problems and Priorities 

Phan Hieu Hien, Nguyen Hung Tam, Truong Vinh, and Nguyen Quang Loc* 

Abstract 

Vietnam has become a major producer and exporter of rice in recent years. Drying of high-moisture paddy 
harvested in the rainy season is a major problem to be overcome to reduce postharvest losses and to increase 
rice quality in Vietnam. Issues in grain drying are discussed in the context of a short harvest time. Con
straints are identified: lack of compatible technologies including hardware; lack of understanding of the me
chanical drying process in both design and operation; and lack of extension activities. 

Available solutions are discussed, a striking example being the current use of about 600 units of 4 t flat
bed dryers in the Mekong Delta provinces of southern Vietnam. Other promising technologies under eval
uation or pilot application are presented: two-stage in-store drying; one-stage low-temperature drying; rapid 
first-stage drying with the fluidised-bed dryer. 

Proposed priorities in action include: a campaign to regenerate awareness that drying problems can be 
solved; an extensive technology transfer program to dryer users and builders; a banking credit scheme to 
speed up the dissemination of drying technology; and continued applied research in grain drying for the di
verse conditions of Vietnamese rice production. 

VIETNAM is an agricultural country with 70 million 
inhabitants in 1994, of whom 50 million are in agri
cultural households. Rice is the most important crop, 
cultivated on 82% of total fann area, and accounting 
for 85% of food grain output. In 1992, Vietnam pro
duced 21.5 Mt of paddy on 4.2 million ha of rice 
land. This total production almost doubled that of 
1980. From 1989 to 1994, the export of rice was 1.5-
2.0 Mtlyear. The second most important cereal grain 
is maize, with a total production of 0.9 Mt in 1994, 
which is far behind paddy output. 

Vietnam stretches from 8°N to 23°N with 3200 km of 
coastline (Fig. la) and thus has several agroecological 
regions. However, from the paddy postharvest view
point, we can divide the country into two main zones. 

The Mekong River Delta (MRD), with surplus rice. 
In 1992, with 2.7 million ha of rice land, MRD pro
duced 10.9 Mt of paddy, which is about 50% of Viet
nam's total rice output. With only 24% of the total 
population, MRD has accounted for more than 90% 
of Vietnam's rice exports in the past 6 years. The 
average farm size here is about I ha, although in 
some newly-reclaimed districts, 3-10 ha per house
hold is not uncommon. 

'" University of Agriculture and Forestry, Thu Doe. Ho Chi 
Minh City. Vietnam. 
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The weather in MRD is warm and humid all year 
round, and without typhoons (Fig. Ib). Rice is 
planted in two crops per year in most areas, 60% of 
which are rainfed lowland. The dry-season crop is 
harvested in January-February; and the wet-season 
crop during the rainy season from July to September, 
with maximum rainfall of 340 mm in September. 

The rest of the country (Red River Delta, Central 
Coast, Central Highlands, Southern Eastern) with 
self-SUfficiency or deficiency in rice. The average 
household fann size in these areas is 0.2 ha. The most 
important zone is the Red River Delta (RRD) with 
800 000 ha of rice fields and 5.1 Mt total paddy pro
duction in 1992. The weather in RRD is tropical 
monsoon with a cold winter (Fig. lc). The first rice 
crop is harvested in June-July, and the second in Sep
tember, before the annual typhoons arrive. 

In both MRD and RRD, one rice crop is harvested 
during the rainy season. In 1993, MRD harvested 3.9 
Mt of paddy during the wet season, which is 35% of 
its annual production, and about the same as the 
RRD's output for a full year. This is a large increase 
over the 1.4 Mt of paddy harvested in the rainy sea
son 10 years earlier in 1983. 

Drying problems have thus become a major con
cern since the 1980s. Several surveys have estimated 
losses ranging from 10 to 25% due to non-existent, 
improper, or delayed drying. We need not concern 



ourselves with the exact figure, because they all 
translate to losses of hundreds of millions of dollars, 
and focus our concern on the need for solutions. 
Local figures of 40-80% crop losses for extreme 
cases were often heard in the early 1980s. Other 
causes of losses can be cited, such as traffic delays 
and danger due to sun drying on the highway. 

With Vietnam exporting rice, improvement of rice 
quality for a competitive world market has become a 
concern for the rice-processing sector in Vietnam. 
One aspect of quality losses was recently stated by 
the Director of a Food Control agency as follows. 

The wet-season summer-autumn rice crop is exported at 
USS30/t lower than the dry-season winter-spring crop. 
With 400000 t of rice \0 be exported from this rainy-sea
son harvest. the apparent annual loss thus is US$ I 2 mil
lion. 
In short, it has been generally agreed that drying 

paddy for the wet-season harvest is the number one 
priority to reduce losses and to increase export qual
ity of Vietnamese rice. 

~ 

This paper discusses different facets of the drying 
problems, the available solutions, and the priorities 
for action. 

Problems in Drying 

Peculiar features of drying season 

Let us examine a typical farmer starting the wet
season crop. He/she just finished a good dry-season 
harvest in ample sunshine. His concern now is dozens 
of agronomic problems: tillage, seed, fertilizer, pests, 
and so on. Rain or shine, the weather is in some way 
beneficial to his growing rice plants. Then comes the 
harvest. Most probably, rainy days have occurred 
before his harvest. Only then does he think of some 
mechanical ways of drying, if he has heard about it. 
(In the early 1980s most farmers did not know what a 
mechanical dryer could do; even now, many of them 
remain sceptical about it because they have never 
seen a dryer in operation.) This view is established 
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Figure 1. (a) Mekong Delta and Red River Delta of Vietnam; (b) chart of rainfall, temperature, and relative humidity for 

Ho-Chi-Minh City (representative of the Mekong River Delta); and (c) chart of rainfall. temperature, and relative 
humidity for Thai Binh Province in the Red River Delta. 
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through inquiries we received from farmers and users 
over many years. Most requests are like this: 'I badly 
need a dryer next week (or 10 days from now) 
because I will harvest at that time'. So, it is unlikely 
that he can get a dryer off-shelf for the urgent need. 
Meantime, he has to deal with the incoming harvest. 
This is the busiest time of the year. He has no time to 
go beyond the village to observe some dryer in opera
tion. He still relies on sun drying. His harvest is 
quickly over, relieving him from that work burden. 
After some relaxed days, the farmer begins to plan 
for the next crop season, with again dozens of agro
nomic items. Good or bad, drying quickly becomes a 
memory of a recent past. A metaphor can be made 
between drying and toothache. Just before and just 
after the achc, one does not think of the dentist! The 
drying season is to the farmer relatively as short as 
the toothache period to the patient. 

The above lengthy description serves as a context 
to discuss the following three constraints in drying: 
technology, know-how, and extension. 

Lack of technologies compatible with local 
capabilities 

Illustrations (Hien 1993) can be drawn from two 
categories of dryers, which have been either imported 
or locally developed by a dozen research institutions 
and factories. 

High capacity dryer 

These were complicated dryers of the recirculating 
or continuous-flow type. One example is the Russian
made ZSPJ-8 mobile dryer which weighs 12000 kg. 
With its own generator and I I electric motors, it cost 
four times the price of a 50-h.p. tractor in 1983. It can 
dry high-moisture maize to 14% at a rate of 2.0 tJ 
hour, and consumes 26 L of diesel per tonne of maize 
dried. Another example is a locally designed 2.5 tJ 
hour dryer. which has a drying chamber similar to 
that of the American Aeroglide dryer; its construction 
and installation consumes 30 t of steeL Further exam
ples are dryers installed under FAO/UNDP sponsored 
projects. The only time most of the dryers in this cat
egory were used was during their days of commis
sioning. Reasons for this were many, but included 
lack of supply due to delayed transportation, drying 
interruptions when some components broke down 
and spare parts had to be imported, and high drying 
cost. The 'vicious circle of the drying cost' (Fig. 2) 
took effect and pushed the dryer into the storage shed 
or the junkyard. 

Since 1990 at least eight manufacturers have fabri
cated recirculating dryers of their own design or pat
terned onlmodified from imported models (Hien et aL 
J 995). Capacities of these dryers ranged from 0.3 to 2 
tlhour (normalised to 10% moisture reduction, from 
24-25% moisture content (m.c.) down to 14-15<7'0). 
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There are about 30 units installed in rice milling 
plants. The investment ranges from 25 to 600 million 
VND (during October 1995, 11000 Vietnam dong 
(VND) = US$I), leading to a high drying cost of 
between 7 and 15% of paddy value. This explains 
why these dryers are hardly used except in adverse 
weather. Besides, the dried grain quality is not satis
factory, since most dryers, without the tempering bin, 
used the temperature mnge normally found in contin
uous-flow dryers (55-65°C). In most dryers, very 
moist paddy (30% m.c.) simply does not flow in the 
drying column. 

J<'igure 2. The vicious circle of the drying cost. 

Natural draft, manually operated. and solar dryers 

These were small dryers with capacities ranging 
from 100 to 500 kg! batch. One example is the 400 kg 
batch dryer with a manually operated fan built at Minh 
Hai Province. Solar dryers were of Asian Institute of 
Technology (AIT)-type design, with two models: 100 
kg (9 m2 collector) and 500 kg (50 m2 plastic collec
tor) in 1983. Ten units were extended to various prov
inces. The drying time was usually more than one day. 
The drycrs in this category were too small to meet the 
capacity demand; an average farmer household with I 
ha in the Mekong Delta might harvest 1-5 tJday. 
Although small, the dryer investment is relatively high 
for an individual farmer. Thus, after the prototype 
stage, these dryers did not spread further. 



Lack of know-how 

Lack of understanding of the drying process is 
reflected in both engineering design and operation. The 
above-mentioned recirculating dryers are examples of 
improper design. Another example is a flat-bed dryer 
designed to operate at 55°C, resulting in grain break
age. Even with flat-bed dryers correctly designed to 
operate at 43°C, many users modified the furnace to 
raise the temperature in order to reduce the drying time. 

Lack of extension 

Good news about dryers spreads slowly and with dif
ficulty, while news of dryer faults is spread rapidly by 
word-of-mouth. This is our conclusion after years of 
installing dryers for different users. Questions repeat
edly raised by farmers were: 'Does drying not roast the 
grain?', , Is mechanical drying better than sun drying?', 
'Does drying kill the gem1ination?'. They could only be 
persuaded by observing the results themselves. 

Even with a good dryer design and construction, cor
rect and reliable operation by the users is particularly 
important. When wet paddy is in the drying chamber, 
no problems can be brooked. Otherwise, the drying cost 
will rise from, say. US$0.004lkg to about US$0.14lkg, 
which is the very price of this kg of paddy. This is dif
ferent from the case of a tractor, plough, or a feed 
grinder, where a breakdown can be repaired within 2-3 
days without affecting product quality. 

Good performance of a newly installed dryer usually 
does not spread beyond the village boundary. Distant 
farmers are too absorbed by their own work to arrange 
for a visit to a good dryer during the 3-week drying 
season. Indeed, some dryer owners do not want to 
spread the good news; they wish to continue enjoying 
a monopoly on good drying in their localities. 

On the other hand, improper drying and unsuccess
ful application of dryers in several localities leads to 
negative attitudes among farmers and even some agri
cultural officers. Small traders who buy any bad 
machine-dried paddy (high breakage, deteriorated 
grain, etc.) are rapid disseminators of bad news on dry
ers in general. The long-term result is prejudice against 
mechanical drying among farmers in these localities. 
In short, for farmers, mechanical drying amounts to no 
more than the specific model of dryer they happened to 
see at their village. 

A vailable Solutions 

Flat-bed dryers 

With the above constraints, adoption of mechanical 
dryers has been very slow. It is estimated that by 1995, 
mechanical drying in the Mekong Delta accounted for 
less than 5% of its paddy output, while in the rest of the 
country, practically all paddy is sun dried. Yet, that 5% 
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represents a good increase from almost 0% in 1980. It 
is the flat-bed dryer which dries a significant quantity 
of wet-season paddy harvested in the Mekong Delta. 

The tlat-bed dryer for grain is an old technology 
which existed probably since the 19505 in the United 
States and Japan. Since the 19705, two designs have 
been released by the University of the Philippines at 
Los Banos (1.8 tlbatch) and the International Rice 
Research Institute (IRRI) (I and 2 tlbatch), also in the 
Philippines. Since the 1980s these designs have been 
scaled up by the University of Agriculture and Forestry 
(UAF), Ho-Chi-Minh City and adapted for use in south
ern Vietnam (Hien 1993). The first 8 tlbatch flat-bed 
dryer was installed in Ke-Sach District, Soc Trang 
Province in 1983. By the end of 1989, a total of 60 flat
bed dryers (with 2, 3, 4, 6, and 8 t capacities) were 
installed by UAF and cooperating manufacturers. Farm
ers-mechanics in Soc-Trang also adapted/modified the 
UAF design and installed about 100 units in their vil
lages. From then on, flat-bed dryers have expanded rap
idly to about 300 units in this province (out of an 
estimated total of 600 units for the entire country). 

In terms of rice production and mechanisation level, 
Soc Trang ranks far below other provinces. Yet, in 
terms of mechanical drying, this province is a 'devel
oped' province where flat-bed dryers are used for more 
than one-third of paddy harvested in the rainy season. 
Rice area sown for the wet-season crop in this prov
ince increased drastically from 60000 ha in 1992 to 
110000 ha in 1995 (Tran-Van-Hao, pers. comm., 
1995). The main factors contributing to this increase 
were: better irrigation, more suitable varieties, and 
mechanical drying. The Phu-Tam Village (with 
2400 ha of rice), a cradle of fam1er-built flat-bed dry
ers, had 47 dryers in 1993, and completely solved its 
problem of wet-season drying. There and in nearby vil
lages, farmers have acquired the habit of bringing wet 
paddy to either the dryer-contractors, or to the rice 
mill, and taking home cash, after a deduction of 5% of 
paddy value for drying fees. 

A typical 4 tlbatch dryer (reducing moisture con
tent from 24-27% to 15% in 6-8 hours) requires an 
investment of YND 16-18 million (US$1500-1700). 
This does not include the 12 h,p. diesel engine (cost
ing US$400). which is usually 'borrowed' from other 
equipment (thresher, pump, hand tractor) for use over 
the month long drying period. The drying cost is 
about 3% of paddy value. Thus, with 24-hour opera
tion over 40 days, it is estimated (and confirmed by 
our preliminary surveys) that the pay-back period for 
the investment is one year. 

Not all 'Phu-Tam dryers' are the same. There are 
'good' dryers which give sufficient airflow, maintain 
drying temperature between 4O-4SoC all over the 
drying period, and yield high head rice recovery. 
There are 'bad' dryers with weak airflow, and drying 
temperatures of 50-58°C, resulting in high grain 



breakage. 'Good ' and ' bad ' are differentiated by the 
prices set by rice millers. This difference was YND50 
Ikg in September 1993 at Phu-Tam, which was equiv
alent to 5.4% of paddy valuc at that time. Luckily, 
there are more good dryers than bad, due to keen 
competition betwecn dryer builders in the area. 

Research on the flat-bcd dryer at UAF resumed in 
1993 with partial funding from a project sponsored 
by the Canadian International Development Research 
Centre (lDRC), and aimed at improving components 
of the popular dryer. The result is a 'standardised' 
flat-bed dryer (named SHG-4) with the following 
good features (Fig. 3): 

An axial-flow fan with adcquatc airflow (4 m3/s @ 
300 Pal . The fan (namcd SHT6 fan , and re leased 
by UAF in 1986) was selected from testing and 
observation of dozens of fan s built by local indus
try or farmer-mechanics . 

• A novel rice-husk furnace with a cylindrical com
bustion chamber (Fig. 4). The primary advantage 
of this rice-husk furnace as compared with the box
type furnace is its ability to extinguish sparks more 
thoroughly . 

• A new 'side-duct' drying bin (Fig. 5) holding 4 t of 
paddy. Drying air enters a side duct , and turns left 
into side openings to the plenum. Tests with this 
new arrangement in 1994 showed that exit air 
velocity on the grain surface was acceptably uni
form, resulting in the grain final moi sture differen
tial of less than 1.8% between any two points on 
the 4 x 8 m bin. This differential is between 2.5 to 
5% in the conventional bin where air enters at one 
end of the plenum chamber. Details of construction 
and testing are given qy Hicn ct al. (1995). 
Besides the above technical advantage, the side

duct drying bin uses less materials in its construction 
than do existing bins. For the same holding capacity, 
the wall surfaces of the new bin are only 70- 80% of 
those of existing models. Thus, the cost of the 4 t bin 
could be reduced by ca US$200 from the existing 
cost of US$900. 

Figure 3. TIle new SHG-4 flat-bed dryer. 
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Figure 4. Rice husk furnace. with inclined-grate. and 
cylindrical combustion chamber. 

(A) (B) 

FAN~ FAN <::f=) 

D o 
Figure 5. Two drying bin configurations: (a) with ccntrc

line air inlet: (b) with side duct. 



In the wet season of 1995 from July to September, 
17 units of this new SHG-4 dryer were installed by 
UAF engineers and cooperating engineers from Can
Tho University in the Mekong Delta. Among these, 
four units were installed in the south-eastern prov
inces for drying maize. About 5 weeks after installa
tion we revisited 8 units; the owners said that they 
had achieved pay-back on investment by intensive 
24-hour operation . They all are pleased with the dried 
grain quality in terms of head rice recovery; with the 
6 hour drying time (shorter by 2 hours compared to 
existing models under similar conditions); and with 
the economical use of fuel and rice husk. A similar 
result is likely for the other units, since there has been 
no fecdback of complaints. 

In summary, based on developments over the past 
10 years , we predict that in the next 10 years, the !lat
bed dryer will continue to spread rapidly in the 
Mekong Delta. At each new locality, it has and will 
be adopted first by the farmer- contractor, and then by 
the rice miller. 

Other dryers 

While the tlat-bed dryer is increasingly adopted in 
the Mekong Delta, it still represents the lowest scale 
in drying mechanisation. As users learn the benefits 
of mechanical drying along the life of flat-bed dryers, 
and as the economy makes progress and labour 
becomes more expensive, it is projected that higher
level dryers will be required. 

In addition , wc believe that no single dryer could 
meet all the conditions of a vast rice growing area 
such as Vietnam. Thus, drying research at UAF has 
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been diversified to seek appropriate solutions for dif
ferent specific local conditions. The most promising 
results among these research are brietly described 
here [see Hien and Hung (1995) for more detail]. 

'Very /011' cos,' in-bin dryer 

In-bin drying technology has long been applied in 
tcmperate climate countries, and introduced to Asian 
countries some years ago (Kim et al. 1989). Never
theless , the humid climate of the region requires 
careful consideration on ambient air temperature and 
relative humidity. Figure 6 presents average varia
tion of a typical day in August 1994 at Can-Tho, 
which is very similar to that of other places in the 
Mekong Delta. 

This technology was investigated in a German 
Agency for Technical Cooperation (GTZJ/IRRI
UAF Project. The target was to finish drying in one 
stage. This is convenient, since grain handling is 
reduced to a minimum. Various sizes of dryers are 
under evaluation. One has reached the extension level 
(Le Van Ban et aI., these proceedings), as follows. 

A 'very low-cost' dryer (named SSR-I) was 
designecl for a specific class of target-users: poor, 
small farmer households with less than 0 .5 ha of 
land, but which are in areas where electricity is 
available. In recent years, rural electrification in 
Vietnam has been accelerated. Major new hyclro
power plants with ample water supply in the rainy 
season would provide more energy to the agricul
tural sector. For example, in Thai Binh, a major rice
producing province in the Red River Delta, the 
power lines have reached all villages. 
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Figure 6. Average daily variation in temperature and relative humidity at Cnn-TIlO in August 1994. 
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The SRR-I dryer consists of 3 parts (Fig. 7): (I) a I 
t circular bin made from bamboo mats; (2) a 0.5 h.p. 
axial-flow fan; and (3) a supplemental 1000W resis
tor. In operation, the fan is turned ON during the day 
and usually OFF at night. The resistor is used only on 
the second night (with fan ON). 

Tests at Long-An Province in the 1994 wet-season 
showed that I t of paddy at a high moisture of 26% 
can be dried to 14.5% in 4 days. The total fan-on time 
was 84 hours, and the total electric consumption was 
70 kWh. The final moisture content was uniform 
within 1.5 %, resulting in high head rice recovery. 
The drying cost was $4.5/ t, of which $3 .2 was for 
electricity. With an invcstment of only US$55, this 
holds the record as the lowest cost mechanical dryer 
in Vietnam. 

The response from small farmers has been enthusi
astic: 12 units have been sold to farmers in Ho-Chi
Minh City and surrounding provinces such as Long 
An and Dong Nai. We anticipate that thousands of 
these dryers can be propagated in coming years , but 
subject to the major boundary condition of electricity 
being available. 

TlVo-stage drying system 

This technology is addressing large rice processing 
or trading centres, and has been used successfully in 
Australia and Thailand (Srzednicki and Driscoll 
1994). At these centres, wet paddy is quickly brought 
down to 17- 21 % m.c. by mechanical means such as 

Figure 7. Dle 'very low-cost' dryer SRR- I. 
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continuous-tlow dryer or fluidised-bed dryer; it is 
then dried gently by an in-store dryer to the final uni
form moisture content. In some cases, first stage of 
drying is the current practice of sun drying by farm
ers, also down to 17- 21 % m.c. 

A project was started in April 1994 and funded by 
ACIAR to apply in-store drying as the second stage at 
the industrial scale. After initial experiments with a 4 
t pilot dryer, an 80 t in-store dryer was built with the 
investment of Song-Hau Farm of Can-Tho Province 
in the Mekong Delta. In 1994, it took 157 hours to 
dry a 1.8 m depth grain bcd from 18.5 to 14.5% m.c . 
In the 1995 dry season, it needed about 100 hours to 
dry a 2 m grain bed from 18.5 to 15.5% m.c. The 
appearance of rice from the in-store drying method 
was quite acceptable to control officers of Song Hau 
Farm, and head rice recovery was comparable with 
that from the usual drying method at Song Hau . 

The supplemental heat for this dryer, to increase 
the ambient temperature by 5°C, was from a pneu
matic-fed rice-husk furnace (Fig. 8). With a simple 
temperature control mechanism , the drying tempera
ture was stable (± I °C variation). The furnace cost 
was low (US$500, comparable with the cost of a die
sel burner) ancl thus did not increase the depreciation 
component of the drying cost. With rice husks, the 
fuel cost for I kg of in-stored dried paddy (from 20 to 
15% m.c .) was only VND I (US$O.OOO I) compared 
with VND5 using diesel (Nguyen V. Xuan et ai. , 
these proceedings). 

------ , 1.5 m -----



Figure 8. (a) the 80 t in-store dryer at Song-Hau Farm, 
1994; (b) rice-husk furnace with pneumatic 
feeder and cylindrical combustion chamber, 
used as heal source for the 80 I in-store dryer. 

Fluidised-bed dryer 

For very high moisture (30% m.c.) paddy, fluid
ised-bed drying may be more suitable than an ordi
nary columnar dryer where moist grain tends to stick 
to metal surfaces and block the flow. Batch tluidised
bed drying experiments of paddy in Australia showed 
negligible loss in head rice yield when paddy were 
dried from 26 to 18% m.C., using air at 60-90°C 
(Sutherland and Ghaly 1992). At King Mongkut's 
Institute of Technology Thonburi (KMITT) in Thai
land, a continuous lluidised-bed dryer of I t/hour 
capacity also gave encouraging results drying paddy 
from 25 to 19% m.c. (Soponronnarit 1995). 
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This technique was evaluated by the UAF research 
team as a potential method for first-stage drying. 
Therefore, funded by ACIAR, a dryer sim ilar to 
KMITT design was built at UAF and tested during the 
1995 summer- autumn crop. Preliminary results 
showed that the dryer (Fig. 9) could reduce 31 % m.c. 
(wet-basis) paddy down to 21 % in 2 minutes, giving a 
drying capacity of I tlhour. This dryer also used a rice
husk fumace burning 40 kg rice husk per hour to main
tain the drying temperature of 115°C within ±SoC 
(Truong Vinh et aI., these proceedings). It is hoped that 
this technique, in combination with in-store drying, 
can contribute to solving the problem of paddy drying, 
taking into account quality improving aspects . 

Figure 9. Fluidised-bed dryer at Song-Hau Farm, Sep
tember 1995. 

Priorities 

Considering the present problems in drying and avail 
able solutions, the proposed priorities for action in 
Vietnam are as follows: 

Campaign to regenerate awareness of grain drying 

Since the early 1980s in Vietnam, drying of high
moisture grain has been raised as a major issue. Many 
conferences were organised both at the central and pro
vincial level. Several research agencies were engaged in 
designing dryers. Aid projects worth millions of dollars 



were provided to reduce postharvest losses. Similar 
events occurred at the international level. More than 
twenty conferences and workshops were organised in 
Southeast Asia. Projects, also of million-dollar scale, 
were sponsored by international donors. 

However, net results in 1990 were minimal: very 
few solutions have been widely adopted, farmers still 
rely on sun drying in their backyard or on the high
way. This eroded the determination of the policy 
planners. Why repeatedly pose a problem when there 
is no solution? 

This fact is reflected in the attitude of some Viet
namese agricultural officers, who still advocate the 
building of more sun drying yards as the main measure 
to cope with grain drying problems. UAF engineers 
made great efforts to persuade them that the problem is 
'in the sky (where the rain comes from)' and not 'on 
earth (on the drying yard)'. Their reply was simply 
• But we have not seen any profitable dryer'. 

Abroad, lORe seems to have withdrawn its sup
port for postharvest research. At IRRI, postharvest 
seems to be not a major focus for the year 2000. A 
recent workshop on the IRRI~Vietnam collaboration 
in rice research was attended by top authorities and 
experts of both sides; in the subsequent 350-page pro
ceedings (Denning and Vo Tong-Xuan 1994) there 
are just 4 lines mentioning postharvest losses! 

What do all of these facts imply? Are there no more 
drying problems, or are the problems beyond solution? 

Since the support of policymakers is all-important 
to speed up the change, the first task should be to re
ignite the awareness of these people that drying is 
still a severe problem and, more importantly, that the 
problem can be solved. One example has come from 
the flat-bed dryer of Soc-Trang Province. The devel
opment there has all come from farmers' investment. 
We presume that with active involvement of the gov
ernment and the right support of international agen
cies, things could be accelerated. 

Technology transfer 

As analysed, extension is even more important 
than the design and fabrication of the dryer. A com
prehensive (country-wide) extension program should 
be organised with the necessary budget. It can begin 
with the llat-bed dryer, and would consist of two 
main actions: 
• Mass media communication (radio, TV broad

cast, leatlet, publication) to create awareness 
among farmers and other potential users of drying 
technology 

• Actual on-site demonstration. This requires careful 
scheduling from place to place to coincide with the 
short drying season. 
Extension of dryers is in itself a big topic. We have 

discussed it only brielly here. 
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Credit scheme to speed up the dissemination 

A 'sustainable' dryer should be one which is 
invested in by private farmers or rice millers, and is 
used through the years to yield profit to the users. 
However. a partial credit for the user to invest in the 
dryer at the earliest opportunity can be viewed as an 
aid to extension. The continued profitable operation 
of the dryer at the user's site is the most effective 
extension work; and since farmers still pay back the 
loan, it is also the cheapest form of extension. 

Continued applied research 

The above three points assume that some worka
ble dryer is available: for example, the flat-bed dryer 
in the Mekong Delta. But in a dynamic economy 
starting from some low level, things will change rap
idly. The role of research agencies is to provide 
designs of dryers that are compatible with the soci
ety's level of production. Too high or too low com
pared with that level means non-acceptance. A dryer 
worth US$1 million is unlikely to be accepted by a 
group of one thousand of farmers in the Mekong 
Delta who are earning a net profit of $100/each 
household for the entire wet-season crop. On the 
other hand, a $1500 flat-bed dryer might not be 
accepted in developed Malaysia. Neither will it be 
accepted in the year 2005 in Vietnam when it is 
expected that the economy will have evolved into a 
more prosperous state. The flat-bed dryer will by 
then have fulfilled its historical job, and maybe a 
$10 000 dryer will take its place. 

Research agencies thus should be the 'watchdog' 
of this happy change, and be ready to supply the 
designs needed at each time. The task can be fulfilled 
with the necessary finance from the central govern
ment, and possibly with the additional support of 
international sponsors. 

Manufacturers in developing countries like Viet
nam have their own role. They are good and fast mul
tipliers of proven designs. However, they usually are 
not strong enough in terms of engineering and finan
cial capabilities to endure long-term research and 
testing. 

A cautionary note on surveys 

A word is in order on one non-priority item: the 
survey. Several partial surveys have been done in 
Vietnam, which indicated clearly enough the magni
tude of the grain-drying problem, notwithstanding 
that these problems are not much different from those 
in other Southeast Asian countries. Another similar 
survey would be a waste of time and money unless it 
is expected that there will be follow-up actions with a 
hundred-fold budget compared with that spent on the 
survey. What has happened in the past has been the 
expenditure of some hundred thousand dollars for a 



survey, with the subsequent import of some million
dollar-ticket rice equipment, which later proved to be 
ineffective. Or a hundrcd-thousand-dollar survey for 
some recommendations which no agencies took up. 

Conclusion 

Drying of paddy to prevent grain deterioration and to 
enhance grain quality is still a major problem in Viet
nam. Three constraints are identified in the context of 
a short harvest time: lack of compatible technologies, 
lack of know-how, and lack of extension. Neverthe
less, solutions are available: one is the flat-bed dryer 
which has proven its effectiveness in Soc-Trang 
Province of the Mekong Delta. Other promising solu
tions have emerged to meet diverse demands of the 
rice sector. 

The situation seems contradictory: all is lacking, 
but all is available. Therefore, priorities in action are 
needed, which include: a campaign to regenerate the 
awareness that there are practical solutions to drying 
problems; a comprehensive technology transfer pro
gram to dryer users and builders; a banking credit 
scheme to speed up the dissemination; and continued 
applied researeh in grain drying for diverse condi
tions of Vietnamese rice production. 
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Perspectives on Drying Problems in the Southeast Asian 
Region and Results of R&D Projects to Solve Them 

Dante de Padua* 

Abstract 

Ever since the green revolution of the early 19608, and for the past four decades, research and development 
in the Southeast Asian region has grappled with grain drying problems. There was a recognised need for 
grain dryers mostly by academe and government, but the actual demand for grain dryers by industry was 
not there. The alternatives to sun drying were not competitive, or the incentive for investment was not there, 
or there was a failure in the market to recognise the advantages of investing in grain drying facilities. But 
mostly there has been some technological failure. The technologies developed in the engineering laborato
ries of the region did not address the unique requirements of the hot humid climates of the tropics, and of 
the production and marketing systems. Today, by all indications, triggered perhaps by farm labour shortage 
and increasing levels of mechanisation, and the premium prices for higher quality grains in the local and 
international markets, the grain industry is finally responding. There is now a demand for grain dryers, but 
local manufacturers still do not have what the industry needs. There is an urgency to review system require
ments and to send the engineers back to the drawing board. There have been some recent breakthroughs in 
demonstrating what seems to be more cost-effective systems, if the industry can move from bag storage 
warehouses to bulk storage systems. 

FOUR decades ago, we did not have a rice and maize 
drying problem in the region. We only had one crop a 
year that was harvested during the long summer 
months. The grain was reaped and left in windrows or 
field stacks to dry under the sun, after which it was 
gathered for storage. In Indonesia they used to harvest 
the panicles by hand in 'ani-ani' fashion, and stacked 
them in the yard. Here in beautiful Thailand I remem
ber the farmers gathering the windrows of rice straw 
with the panicles and the fanners laying it on the 
ground for the bullock to thresh by trampling on it. In 
the Philippines, we also left the grain in windrows to 
dry and then made field stacks called the 'mandalas'_ 
Those beautiful days of sun-drenched harvest scenes 
that painters love to romanticise on canvas are long 
gone, never to return. 

The pressures for more grain to feed more people 
and livestock have changed fanning practices. To 
start with, the rice and maize breeders have been so 
successful, and they should be after the millions of 

* Engineering Consultant, cl- SEARCA, College, Laguna, 
Philippines. 
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dollars they have spent, to produce non-photosensi
tive varieties that can be planted regardless of day
length, moon or tide, and with irrigation systems we 
can almost harvest all year round in the tropics. 
Increased yields and decreasing availability of farm 
labour have also conspired to increase levels of mech
anisation of harvesting, particularly here in Thailand 
where the locally designed and manufactured rice 
combine is now in widespread use. What has not 
changed is the land tenure. Rice and maize fanns in 
the Philippines and Indonesia range from fractions of 
a hectare to a high of seven hectares per fanning 
household. This has important implications for the 
management of the harvested grain. 

Grain drying has become a critical process for 
countries like Thailand and Vietnam that export pre
mium grade rice. Mechanical dryers have also 
become a necessity where there is a shortage of fann 
labour. For several years researchers were up against 
a wall. Everyone recognised the importance of grain 
drying R&D, but processors were not investing in 
grain dryers. I distinctly recall an eminent agricultural 
economist during one of these conferences saying 
there was a market failure to recognise the value of 



investing in grain drying systems. Those were beauti
ful words that seem to describe the dilemma, but I 
didn't fully understand what it meant at the time. This 
brings to mind a question about how many econo
mists it takes to change a blown light bulb. One econ
omist said it depends on the wage rate. The second 
economist said two were needed, one to assume there 
is a ladder, and another to change the bulb. 'None', 
said the third economist: if it really needed changing, 
market forces would have caused it to happen. The 
fourth economist also said none~if the government 
would just leave it alone, it would screw itself in. The 
fifth economist said none~just wait for the unseen 
hand of the market to correct the lighting disequilib
rium. Finally, an economics graduate student said, I 
am writing a dissertation on that topic, I should have 
an answer for you in five years. I do not know where 
all the engineers were during the survey. 

Events have finally caught up with us. With the 
unforeseen hand of market forces, and I need an econ
omist to explain this one, the problem now seems to 
be the lack of available dryers to meet the demand in 
the commercial rice and maize industry. We do not 
have the statistics, but the market for grain dryers is 
finally opening up in Thailand, the Philippines, Indo
nesia, and Vietnam. A couple of months ago, I visited 
a manufacturer here in Thailand to try to source a 
dryer for a project in the Philippines, and the manu
facturer said he still had outstanding orders for 75 
units of 30 and 100 t/hour dryers. We are now trying 
to source our dryer from Denmark or the USA. A 
local manufacturer in the Philippines cannot meet our 
requirements for a 20 t/hour unit, he has designs only 
for I and 2 tlhour LSU-type dryers. Some rice millers 
in the Philippines are putting up banks of 2 tlhour 
recirculating toys imported from Taiwan. In Vietnam, 
the demand for rice dryers is even more pressing. I've 
seen a miller with four units of 10 t flat-bed dryers 
taking up all the space in his mill. I was informed that 
Grain Systems International of the US has been con
tracted to supply drying and storage plants in 
Bugasari in Indonesia. 

Some of the Basic Issues 

Looking back, we were not exactly just waiting for 
market forces to change our light bulbs. We've had a 
very active research and development program. The 
questions is: have we failed to focus our research and 
development on what system is needed? Or perhaps 
we failed to correctly define the system we were 
designing for. Or have we identified the wrong target 
users of drying technology? 

Grain drying and storage practices and require
ments vs. available technologies have now reached 
centre court. Engineers are still very much concerned 
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with the physics of drying and storage, and rightly so, 
but the problems in the application of grain drying 
and storage technologies require broader understand
ing of the marketing system. There are serious 
applied research concerns that merit multi- and inter
disciplinary attention. In 1985 in one of our staff 
meetings in Canada, I was called into the inner sanc
tum of our division director. I was asked point blank 
why rice had to be dried. I must admit I was dumb
founded for a split second. At the time I thought it 
was a pretty stupid question. I would have dismissed 
the question as irrelevant ifhe had been an economist, 
but he was a plant breeder, with a biological science 
background. All I could say was, well you are a plant 
breeder and if you develop a cultivar that is harvested 
dry ready for storage then we do not have to dry the 
grain, or better still a cui ti var that is already milled 
ready for the rice cooker, then we eliminate the need 
for drying and milling technologies. Much later, I 
found out that the question was asked of him by a 
member of our Board of Governors, apparently irri
tated by the continuing number of research proposals 
received on grain drying and storage technology 
development, with very little success in their applica
tion by supposed end-users of the technologies, and 
which was competing for funds with her favoured 
proposals on gender issues. 

Grain Drying Technologies for the 
Three-hectare Farmers 

For the farmers in the dell 

There seems to be some confusion on the target 
beneficiaries of research and target users of technol
ogy developed by R&D in grain drying and storage. 
Many of our research benefactors' mandates are to 
help the small and poor farmers. That means if you 
want their money your research proposal must target 
the small and poor farmer as the beneficiary. This has 
literally been taken to heart by the engineers whose 
imagination is limited to tinkering with the nuts and 
bolts. This has led to the development, for example, 
of the flat-bed dryers, the micro-mills, and grain stor
age bamboo baskets. In Rome they call these appro
priate technologies. The same romantic notions are 
carried on to the highest levels where research alloca
tion decisions are made. 

The millions of Filipino rice farmers tilling small 
patches of land retain some of their harvest for their 
own household requirements, and sell the rest. For the 
average 2 ha farm, yielding 4 t, or IO t at the most, 
even if they could afford it, it does not make eco
nomic sense for them to invest even in the simplest 
flat-bed, heated-air forced convection grain dryer that 
they will use only 5 days a season. With IO t of grain 



harvested over several days, the farmer will wait for 
the sun to come out to dry his harvest. Where traders 
are active as in the Philippines, and they are all over 
the place trying to make a fast buck, the farmers are 
only too happy to unload their freshly harvested sur
pluses to the traders. The concept of providing the 
farmers the technology to dry their grain so they can 
hold-off for better prices, just doesn't make sense for 
4 t of grain, even lOt. The best postharvest service 
that can be done for these small farmers is to buy 
their marketable surpluses at fair prices. 

The scenario is altogether different in Vietnam. 
There is so much grain at harvest time, the law of 
supply and demand requires that the farmer dries his 
harvest before he can sell it. The freshly harvested 
rice has to be dried before it can be brought to town to 
the trading centres. In the remote villages, sun drying 
is not an option. The farmers are not allowed to dry in 
the main roadways. There is a demand for farm dry
ers, and Dr Phan Hieu Hien's 6 t flat-bed dryers have 
taken root firmly. In one Putham village we visited, 
every other household had a dryer in his baekyard. 
The dryers can be fabricated in the village, including 
the fans. Off season, the dryer is used as a pig pen. 
The trouble is, even the millers in town have adopted 
the flat bed dryer, and the flat bed dryer is not an 
industrial dryer. 

IRRI has spent a lot of resources to study sun dry
ing or design dryers collecting solar energy, and 
IDRC and USAID have supported some of these 
researches. As far as I know there have been no major 
breakthroughs, in the sense that these devices have 
been adopted. 

The flat-bed dryer has been described as a high 
temperature, high airflow, low capacity drying tech
nology, and indeed it is. I came across the first flat 
bed dryer design when I was reviewing the literature 
for my thesis dissertation at Louisiana State Univer
sity in 1958. It was used in the US rice industry 
before the second world war. When the farmers had 
to go to war, because of the ensuing farm labour 
shortage, they had to mechanise the process. Thus 
was born the columnar designs. Much later I saw one 
huge flat bed dryer in a rice estate in Paramaribo, 
South America. When I got home, the Japanese were 
selling little one tonner baby cribs. Well we thought 
at UPLB that we should design one that could be put 
together from off-the-shelf materials. We even used a 
radiator fan of 6 x 6 trucks. Our target user was the 
farmer. We missed the target with the first round by a 
metre to the left, and the second time around by a 
metre to the right, and the third time we didn't even 
have to fire because the econometrician said we had it 
just right. The farmers didn't cotton to it, but it was 
popular with development workers. It was introduced 
in Indonesia, Malaysia, and even in Brazil. IRRI 
picked it up and came up with what they call an orig-

69 

inal IRRI design. Today, I still come aeross the 
UPLB flat-bed dryer complete to the last detail with 
maize seed growers in Mindanao, but now called the 
IRRI dryer. 

Today, I think that the greatest use of the flat-bed 
dryer is as a laboratory pilot dryer. Students of drying 
theory have used it for relating airflow to static pres
sures and drying air temperature, to drying rates and 
grain quality; and for determining fuel utilisation effi
ciency. The entire drying process from the heating of 
the ambient air, to the adiabatic drying process could 
be traced by the student on a psychrometric chart, and 
actual performance data compared with theoretical 
values. As a teaching laboratory, the flat bed dryer 
can be configured as a deep bin or a shallow bed for 
the same volume of grain, and using the same fan to 
demonstrate how fan performance changes against 
the system curve. 

Grain Drying Technologies for the 
Commercial Marketing System 

The real arena for drying technology development is 
in the commercial marketing sector. To feed the 
increasing non-farming sector, or to supply the com
mercial livestock growers, drying, storage, and mill
ing of grain has to meet the requirements of the 
marketing system. If you were asked to supply a dry
ing plant, the system specifications would stipulate 
specific capacities to be met, the quality of the end 
product, the degree of sophistication of controls 
required, the boundaries for the cost of operation, and 
the integration of the drying plant with the other facil
ities. This is the playing field where research can 
have a pay-off. 

Application of air psychrometries and heat and 
mass transfer 

In the late 1950s and into the early 1960s the pre
vailing thinking was that there was no need for more 
drying research. The grain drying and storage systems 
in the USA and Western Europe were highly devel
oped, and all that was needed was to transfer these 
technologies. After several Shanzers, Bericos, Cim
brias, Butlers, etc., we now know better, although 
there are still a number of sales engineers who belong 
to the school of thought that we should be buying 
from them rather than manufacturing our own. There 
is nothing basically wrong, technologically, with 
these systems. Their operating modes could be altered 
to suit our hotter and more humid climates. This 
assumes an understanding of the psychrometrics, the 
heat and mass transfer involved in drying. This alter
ing of operating conditions has been a problem for 
some. We need more local sales reps who can do this. 
For the past 2 weeks I have been in discussions with 



American sales engineers. Their sales manuals stipu
late capacities in bushels per hour, for a 10 point 
moisture reduction~from 25% down to 15% wet 
basis. I asked for capacities in tonnes per hour for a 
moisture reduction from 30 to 14%, and the fuel 
required in litres per hour. All of them had to refer the 
questions to the home office. A European sales rep 
pulled out his laptop and began punching in the data 
to come up with the dryer configuration and answers. 
Very impressive. His quotation too was quite impres
sive, four times the quote by the Americans. A local 
manufacturer underquoted everybody, except he 
could not guarantee performance. 

Today, a cadre of highly trained engineers in crop 
drying science are available in all the universities 
offering the agricultural engineering curricula. Their 
impact in the local crop drying scene is now felt. I had 
several drying projects in my portfolio with IORC. 
Some were successful, others just fizzled out. At Chi
ang Mai University, the crew of Dr Norkun Sit
tiphong developed a longan dryer that is now widely 
used. At the Institut Pertanian Bogor, Indonesia, Dr 
Hadi and his graduate students successfully designed 
and installed natural convection dryers for high value 
crops such as chilli. These engineers could be har
nessed to address the local drying problem. There are 
now at least four big local Thai manufacturers of 
columnar continuous flow dryers of the LSU type or 
the cross-flow type, with capacities ranging from 10 
to 100 tlhour. 

Drying conditions and the biological properties of 
the grain 

The conditions for drying rice and maize in the 
humid tropics are different from thc temperate cli
mates. Paddy and maize when harvested during the 
rainy months have moisture content levels of 26% 
for paddy and 30% for maize. After reaping the 
mature rice crop, the grain cannot be left in win
drows or field stacks any more, it has to be threshed 
immediately. NAPHlRE research has shown that 
overnight, field stacked grain would suffer from heat 
damage. Heat damaged grain results in overall dis
coloration or loss of lustre, and the yellowing of 
some kernels. After threshing the 26% paddy, this 
has to be dried immediately. Again NAPHlRE 
research has shown that paddy can be dried down to 
18%, and held at that moisture for 21 days without 
appreciable further damage. In other words, at the 
peak of the harvest season, to increase the volume of 
grain that can be dried by the drying plant, grain can 
be dried in two stages. 

Maize on the other hand has to be dried immedi
ately after picking and shelling to arrest mould infec
tion and atlatoxin contamination. NAPHIRE research 
has also shown that freshly harvested maize would 
already have anything from 0 to 14 ppb of aflatoxin, 
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depending on the harvesting conditions. This level of 
contamination was found to increase rapidly if there 
was any delay in drying. Within 12 days, the ana
toxin level was shown to have increased to about 126 
ppb in one instance. They also observed that maize 
grains dricd to levels between 14 and 18% were still 
susceptible to further aflatoxin build-up. In some 
experimental sites, maize that was dried down to 
13.7% in 4 days had anatoxin levels of only 3.38 ppb. 
NAPHlRE has firmly established that while there are 
many other factors affecting mould infection and 
anatoxin contamination, immediate drying is the only 
cost effective way of controlling anatoxin build-up in 
maize in the humid tropics (paz et aL 1988). Parallel 
studies here in Thailand essentially came to the same 
conclusion. These studies have led to the investment 
in maize dryers by the feed millers. 

There is a difference in drying paddy and drying 
maize. With paddy, care has to be taken not to fissure 
the gmin during the drying process so as not to affect 
head rice yields. We have long established that we 
can accelerate drying without affecting head rice 
yields, but that grain temperature has to be kept below 
43°C to prevent formation of fissures. This is a time~ 
temperature relationship. Continuous flow dryers that 
merely recirculate the grain have to keep the drying 
air temperature at no more than 43°C after the surface 
moisture has been removed and evaporalive cooling 
has ceased. For multistage drying with tempering 
periods, higher temperatures can be used provided the 
grain temperature does not reach the critical fissuring 
temperature of 43°C. Very few systems, however, 
seem to be able to adapt to the muItistage drying with 
tempering bins. The higher heat utilisation efficien
cies of multi stage drying are not appreciated or 
understood. 

Requirements of the local marketing system 

The more serious problem is the difficulty in 
designing drying systems to suit the local production 
and marketing systems. Why is this? For paddy there 
are too many varieties grown and entering the trade. 
Here in Thailand, a miller told me they have only 
four major commercial varieties. In the Philippines, 
during the last harvest season we had to contend in 
our Jalajala plant with 23 different varieties that we 
could not mix until we could establish in the labora
tory their physical and biochemical properties. There 
is too much pilferage of uncertified seeds from IRRI 
that farmers are trying to gamble on. They think they 
may hit another C4, the ever popular UPLB variety. 
For both recirculating and CFD dryers, this situation 
is a drying plant operator's nightmare. We have tricd 
getting several smaller dryers operating in parallel, 
but to be able to have the flexibility, they have to be 
completely independent of each other and not serv
iced by a common intake pit. 



In a rice-processing plant, the rice mill is the heart 
of the system. The capacity of the rice mill dictates 
the minimum drying and storage capacity required. If 
there are two distinct harvest seasons, then paddy pro
curement must take care of the slack periods between 
harvest seasons to keep the mill in operation. In some 
cases, the drying storage capacity is int1uenced by 
rate of market sales, or the ability to turn over stocks 
with a harvest season. The point is that drying plant 
capacity must conscientiously be worked out. Where 
there is an undereapacity, the millers' business is 
restricted. An overcapacity is even worse as colum
nar dryers cannot be operated unless they have a full 
load. 

NAPHIRE or extension agencies should develop 
monographs for the selection of dryer models that are 
designed as modules. For any given conditions, the 
proper selection of dryer models or capacities, and the 
corresponding auxiliary equipment such as elevators, 
precleaners, in line autoweighers, and empering bins 
could then be made. The margins or the value added 
and the cost of produetion of the final product should 
be imputed in the monographs. Unfortunately, many 
grain drying engineers do not care to understand the 
grain business to be able to advise clients properly. 

Poor performance of some systems 

Understandably, locally manufactured drying 
units are about half the cost of imported units, but are 
often not engineered properly. The result has been 
dissatisfaction with performance. Some of the COlfi

plaints are: 
(I) the unit does not have the promised capacity; 
(2) the milled rice dried by the dryer does not have 

the lustre of sun dried grain; 
(3) the cost of drying is too high compared with sun 

drying; 
(4) parts in contact with the abrasive rice grain wear 

thin too quickly, adding to the cost of mainte
nance; 

(5) high cost of system relative to added value; 
(6) safety controls are not provided; 
(7) parts are not standardised. 

There is no question that dryer design engineers 
can tackle these problems but they have to work with 
the manufacturing industry. 

Management of the grain processing system 

The cooperatives are the most pampered group of 
rice processors in both the Philippines and Indonesia. 
The government showers them with all kinds of 
equipment. some of which they never asked for. I 
think the business is in the purchase of the equipment 
given to them. never mind if they are never used. Sys
tems developed for cooperatives are not very good 
models for the industry to copy. 
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A cooperative engaged in the rice trade is a business 
enterprise which must make profits to be able to serv
ice its membership. It has been our experience that to 
be able to compete in the retail trade, despite the 
recent rice shortage in the Philippines, we have to be 
efficient and we have to consistently produce the 
grade of products that we promised to deliver. We 
therefore must have an efficient paddy grading system 
with conscientious grain classifiers. But an important 
operations policy is that we do not purchase paddy 
sun dried by the fanners. We only purchase freshly 
harvested paddy and handle the drying in our drying 
plant in order to maximise total and head rice recov
ery. The contributed direct cost for drying, which 
includes energy, causal labour, and plant operators, 
but excludes overhead costs, depreciation costs, and 
other business costs is PO.12 per kg of milled rice. 
That is lower than sun drying which is PO.13 per kg of 
milled rice. This is because with sun dried grain our 
total milling recovery is only 63%, and with grain 
dried in our dryers we recover as high as 67%. There 
is significantly less breakage in our dryers. 

The private processors and traders operate a com
pletely different system. In the Philippines and Thai
land they have the filthiest plants, their plant layouts 
are thc most disorganised, but they are the most prof
itable and have been able to sustain their business 
despite the lack of government support. In Vietnam, 
ever since the government adopted an open market 
policy, the private milling sector was reborn. There is 
keen interest in commercial drying technology that 
they can adopt. In a rice estate I've seen several dryer 
configurations being tried out. This only means that 
R&O, and E has to catch up with the situation. 

Breakthrough in drying R&D 

Not too long ago, we began hearing about two
stage drying strategies from the researches of Or Rob
ert Driscoll and Dr George Srzednicki (University of 
New South Wales, Australia) in ACIAR-supported 
projects in the region. The first stage required by the 
very wet harvest in the humid tropics should drop the 
initial moisture to 18%. The second stage down to 
14%, in a take-your-time, bulk storage system blow
ing conditioned air through. At that time Or Srzed
nicki was promoting in-store drying systems as a very 
cost-efficient technology compared with, say, the 
flat-bed or LSU systems, except that to be able to in
storage dry, the grain had to be predried in either the 
flat-bed or LSU dryers. For a long time I was con
fused with his logic, but last July I had the opportu
nity to review the ACIAR grain drying project 
(ACIAR PN9008) in the Philippines, Vietnam, and 
Thailand (Andrews and de Padua 1995). 

The Dayap system. The Oayap Multipurpose Coop
erative, a fanner-based cooperative, grants production 
loans to its members, and the members pay back their 



coop in paddy. The coop needed a dryer very badly. 
They bought a Japanese I tlhour recirculating dryer. 
This is another example of a dryer not meeting the 
drying load requirement to be effective. They were 
given by the government a multipurpose drying pave
ment, which made a good dance !loor for the barrio, 
but was next to useless as a dryer during the rainy sea
son. They were getting desperate for a dryer. 

At this point Dr Srzednicki and Dr Justin Tumamb
ing (NAPHIRE) were introduced to them. They 
promised to install in the cooperative a eommercial
scale prototype in-store drying system. The project 
undertook detailed studies of the coop's operations to 
establish their drying requirements and the potential 
financial viability of investing in a dryer facility. The 
resulting system used a NAPHIRE '!lash' dryer for 
first-stage drying and a 66 t in-store dryer built on
site for the second stage. The in-store dryer consists 
of 6 bins with a total size of 3 x 22 x 3 m high, and is 
loaded by a mobile pneumatic pump conveyor. A 
central duct supplies drying air and serves as a mani
fold to plenum chambers beneath the perforated !loor 
sheets of each bin. A backward curve centrifugal 
blower delivers the air at 500 Pa (2 inches) static 
pressure. A small kerosene pot burner is provided in 
case supplemental heat is needed. Their simulation 
studies indicated that for a 3 m depth and an apparent 
air velocity of 4 m/min, the estimated drying time to 
bring down the moisture from 18 to 14 % would take 
12.5 days of continuous operation. The system is now 
in full operation, for the current wet-season harvest. I 
am now glad to report to Dr Srzednicki that what he 
was preaching as a practice is now working in princi
ple. The coop has passed a resolution adopting the 
researchers as the patron saints of the cooperative. Dr 
J ustin reports that the direct drying cost is PO. I O/kg of 
paddy or PO.15/kg of milled rice. 

The Song Hau system. As we all know, Vietnam has 
become a major exporter of milled rice to the interna
tional markets, albeit medium to low quality rice. The 
downgrading is due to the presence of yellow grain, an 
indication of delayed drying. The major rice produc
tion areas of Vietnam are in the Mekong delta in the 
south and the Red River delta in the north. The average 
land tenure of a farming household is about 1 ha. A 
few State farms have been allowed to continue operat
ing. These are production estates where the manage
ment develops the land, the irrigation and drainage 
system, and provides all the production inputs and 
technology required. The farmers within the estate are 
obliged to sell their produce to the system. The State 
farms have provided the required economic scale for 
efficient integrated operations. These are similar to 
sugar estates or haciendas in the Philippines. 

Dr Phan Hieu Hien came in late as a disciple of Dr 
Srzednicki. Low temperature, low airnow in-store 
drying technology was a new technology that had to 
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be approached with caution. Dr Hien first tried a pilot 
4 t dryer with a 2.5 m deep grain bed. Eight load tests 
were run successfully. This convinced the Song Hau 
State Board, which commissioned an 80 t capacity in
store dryer to further validate the results of the pilot 
dryer. With 2 m deep of grain, the grain was dried 
from 18 to 14% in 5 hours. In all tests, a rice-husk 
furnace provided supplemental heat. The direct dry
ing cost was reported to be PO.09/kg of paddy, which 
is 0.0 I eentavo lower than in the Philippines. 

With all these successful commercial trials in the 
Philippines and Vietnam, there still seems to be some 
confusion between the operational concept of a deep 
bin dryer and an in-bulk-storage dryer. In the design 
of a full scale in-store dryer, for example. in the con
version of a warehouse to suit a bulk storage in-store 
dryer, a detailed study of the handling and trading 
practices must be done. The study should establish 
categorically how long they can keep the grain in
store before it is sent to the mill. Short drying times 
will require large blowers and result in drying costs 
which may not be competitive. 

The Wattana rice mill system. The Thai rice indus
try is well-placed to take advantage of in-store drying 
technology. Millers handle large volumes of grain in 
bulk in their warehouses and are very conscious of 
both quality and cost. As mentioned earlier, the 
changing patterns of harvesting have created a situa
tion where there is now a demand for grain drying 
systems at the mill level. Dr Somchart Soponronnarit 
of King Mongkut Institute of Technology has spear
headed the studies and introduction of in-store drying 
technology in Thailand. As with their counterparts in 
the other countries, a lot of mathematical modelling, 
simulation, and validation studies have been under
taken to confirm that such a technology is feasible in 
the hot and humid tropical climates. The Kittisak Wat
tana rice mill complex owner has a son who studied at 
the Asian Institute of Technology, and was more open 
to experimenting with on-!loor aeration systems. It 
was an easy step for them to adopt the technology 
when they built a new warehouse, with the help of Dr 
Somchart. A full scale 3000 t capacity warehouse was 
fitted with in-floor ducts spaced at 2.5 m, and centrifu
gal blowers delivering 0.5 cubic metres per minute of 
air per cubic metre of grain. This system configuration 
dried the paddy from an average of 19 down to 14% 
(wet basis) in 1.5 months, where operation is restricted 
to daylight hours with supplemental heat. 

The Kittisak Wattana rice mill has successfully 
adopted the in-store drying technology, but Dr Som
chart cautions that three other mills have experienced 
problems. This merely highlights the need to design 
the systems correctly and to provide the management 
with information on operating principles and proce
dures. This is what Dr Srzednicki calls the need for 
paring to optimal allocation of resources. 



KM/TT fluidised bed dryer. The most significant 
result of R&D activity by Or Somchart's group at 
KMITf under an ACIAR project is the final develop
ment, after years of modelling, of a commercial 
model of a fluidised-bed dryer to handle the first 
stage of drying. A 5 tihour fluidised-bed dryer is 
already being manufactured commercially by the 
Rice Engineering and Supply Co. and has several 
orders pending from millers. The system is compact 
and operates at temperatures of lOO-120°C. The 
dryer removes the surface moisture down to 18% 
(wet basis) in 7 minutes. The project report indicates 
that from the results of extended tests, the users found 
it easy to operate. that the fast drying rates for high 
moisture grain affected head rice recovery only 
slightly and need fine tuning in this regard, that there 
was actually less energy consumption of both elec
tricity and fuel oil, and that a more unifonn productt 
resulted. compared with a columnar cross flow dryer. 

The commercial unit in place was owned and oper
ated by a paddy trader, and the fluidised bed was used 
in conjunction with an LSD dryer that did the final 
drying to 14%. There is great interest in Vietnam, 
Indonesia, and the Philippines in this Iluidised-bed 
drying technology. 

Research and Extension Service Areas 

I. Very clearly, the adoption ofR&D results, partic
ularly drying technology, has to be accelerated to 
meet the demands of a market opening up. Assist-
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ance to the local manufacturing sector has to be 
provided, not only in providing technical draw
ings, but in understanding the principles behind 
the design. Grain dryers are unlike mechanical 
threshers, where the action of the machine is 
more evident. The more abstract concepts of fluid 
mechanics, air psychrometries, and heat and mass 
transfer have to be explained. We must have 
some science in the designs, to guarantee per
fonnance. 

2. The commercial in-store drying systems now in 
operation clearly demonstrate the technological 
possibilities. Bulk handling and storage is an 
established practice in industrialised economies 
but a new concept in the region. There is a psy
chological block that 18% moisture grain can be 
placed in-storage and dried slowly to 14%. The 
technology is still seen as a high-risk system with 
low quality assurance which is contrary to the 
objectives of commercial traders. But I am confi
dent that commercial demonstrations such as 
established in Dayap, Song Hau, and Watt ana 
will slowly dissolve any reservations. 
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Lack of Incentives as Constraints to Introduction 
of Efficient Drying Systems 

Chew Tek Ann* 

Abstract 

The basic equation governing paddy drying is reviewed. The conditions when this equation is not satisfied 
at the farm level, assembly points, and govemment drying complexes are discussed. Societies consume the 
type ofrice that is commensurate with their economic status. If a particular society does not value high qual
ity rice, then such rice will not be produced. There is then no premium attached to the dry paddy used to 
produce the high quality rice. As societies become affluent, a demand for good quality rice will emerge and 
paddy will be dried to produce a high quality product. There is therefore only so much a government can do 
to reduce the cost of drying. The more fundamental impetus 10 paddy drying comes from consumer taste, 
which is itself a function of the overall economic standard of a society. 

THERE are many technical reasons for drying paddy. 
These include better recovery rate of rice from paddy 
in the milling process and reduction of losses, both 
qualitative and quantitative, during paddy storage. 
Dried paddy can be stored longer, hence enabling bet
ter utilisation of harvesting, storage and milling facil
ities. However, despite these reasons, drying of paddy 
will not take place anywhere along the postharvest 
chain, unless the basic economic equation governing 
paddy drying is met. In this paper, wc discuss this 
equation, outlining the conditions when this equation 
is satisfied and those when this equation may not be 
satisfied. Some specific situations in selected ASEAN 
countries with regard to paddy drying are also dis
cussed. 

The Basic Paddy Drying Equation 

The basic equation determining if paddy drying 
occurs or not somewhere along the postharvest chain 
is easily derived, as follows. With no drying, the 
value of rice recoverable from wet paddy is Y wrwPp 
where Y w is weight of wet paddy, rw is the recovery 
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rate of rice from milling wet paddy and Pr is the price 
of rice. With drying, value of rice recoverable is (Y w 
- L)rdPp where Yw is weight of wet paddy, L is loss 
in weight due to drying, rd is the recovery rate of rice 
during the milling process from dry paddy (Le. at 
14% moisture content), and Pr is the price of rice as 
before. Drying of paddy will occur only if: 

(1 ) 

where K is the cost of drying, assuming that the 
cost of milling dry and wet paddy is the same l . This 
is the basic equation for drying. 

One variation of this equation is given by: 

(2) 

where P dp is the price of dry paddy and P wp is the 
price of wet paddy. To get this equation, we are 
assuming that, under competitive market conditions, 
the price of dry paddy vis-a-vis wet paddy will reflect 
their different rice recovery rates from paddy. 

Another variation of equation (1) is given by: 

(Y w-L)Vdp-YwVwp > K (3) 

I If the cost of milling for wet paddy is higher than the cost 
of milling for dry paddy, then the resulting K can be 
higher for the equations (1)-(3) to be still satisfied. 



where V dp is value of products obtainable from dry 
paddy while V w is the value of products derivable 
from wet paddy. 'Besides head rice, there are products 
of lesser value like broken rice and residual by-prod
ucts resulting from the milling process. In a sense, 
therefore, equation (3) is more complete than equa
tions (I) and (2), in that all products derivable from 
paddy milling are included in this equation. As in 
equation (I), we are assuming that the cost of milling 
is the same for both dry and wet paddy. 

An added complication occurs when farmers sell 
paddy to paddy buyers-government agencies, pri
vate operators specialising in paddy drying, or mill
ers. The standard price used in this transaction is the 
price of clean paddy at 14% moisture content (m.c.). 
Paddy buyers impose a penalty deduction on the 
weight of wet paddy, i.e. paddy with moisture content 
over 14%, to cover the cost of drying. The relation
ship between the penalty deduction. weight loss upon 
drying and the cost of drying can be derived as fol
lows. The cost of purchase of paddy for the paddy 
buyers is: 

(Yw-D)Pdp 

where D is the penalty deduction for wet paddy and 
Pdp is the price of dry paddy. The return from drying 
paddy is: 

where L is weight loss of paddy upon drying and K 
is the cost of drying. Paddy buyers will attempt to 
maximise their returns from drying by manipulating 
D such that: 

which simplifies to: 

(4) 

Hence, the penalty deduction for moisture in wet 
paddy, D, must be at least equal to, or more than, the 
weight loss plus a factor for the cost of drying wet 
paddy. It is entirely possible that D is less than what is 
specitled in equation (4), if millers can compensate for 
their cost of paddy drying with economic profits from 
elsewhere in the postharvest chain. Further, millers 
who can exploit economies of scale in the drying proc
ess may be able to offer more generous deductions to 
paddy farmers. compared to smaller millers who do 
not enjoy such economies of scale. 

We will be using these four equations in our subse
quent discussions on why the fundamental paddy-dry
ing relationship may not be satisfied. why efticient 
drying systems of paddy may not be installed and, 
hence, why drying of paddy does not take place. 

75 

Who Will Dry the Paddy? 

First, we examine here the question of who would be 
the most likely party to undertake the task of drying 
paddy in the postharvest chain. The party who bene
fits the most from drying paddy is the agent most 
likely to undertake this task. Who is likely to benefit 
the most or, to put it in the reverse manner, who is 
likely to suffer the most if the paddy is not dried? 
This might be the paddy farmers themselves, inde
pendent drying agents such as cooperatives and pri
vate operators, or rice millers. The party that stores 
the paddy is the one likely to suffer the most from wet 
grain. because the loss resulting from storing wet 
paddy is the most severe of all the possible losses 
resulting from the presence of excessive moisture in 
paddy, due to grain rot, mould infestation, and grain 
discoloration upon milling. Depending on the situa
tion. farmers may not store their paddy. For example, 
in Malaysia. it is cheaper for the paddy farmer to buy 
rice from the market than to consume his own rice, 
due to the intricate paddy subsidy and rice support 
system. Paddy farmers obtain a price of MYR711/t of 
paddy, made up of MYR463 as the guaranteed mini
mum price and MYR248 as the product subsidy (dur
ing October 1995. ca 2.40 Malaysian ringgit (MYR) 
= US$l). If the farmer were to mill the paddy himself, 
he would obtain about 610 kg rice valued at about 
MYR512. from which about MYRIOO must be sub
tracted as paddy drying and milling costs. Therefore. 
paddy farmers in Malaysia do not store paddy on
farm. Hence, paddy farmers in Malaysia do not dry 
their product2. 

Compared with independent operators who under
take only paddy drying, rice millers have certain dis
tinct advantages in tenns of handling the paddy drying 
function. For example, millers have the option of 
blending wet grains with dry grains in the milling 
process, an option that may not be available to drying
only operators. Further, in terms of storage and mar
keting, rice millers can vary the proportion of rice 
stored as compared with paddy, so as to take advan
tage of price changes in rice, again an option not likely 
to be open to drying-only operators. Also, rice millers 
are likely to be more familiar than are drying operators 
with the retail rice market, and hence are likely to be 
able to take advantage of changes in prices in the retail 
market. An additional advantage open to rice millers 
would be for them to go a step further downstream and 
undertake processing of rice into rice flour, rice-based 
noodles (meehoon), and various rice-based con fec-

2 This is only one of the reasons for not drying. The other 
reason why farmers in Malaysia do not dry their paddy is 
connected with the system of weight deduction for mois
ture in paddy used in government drying complexes. 



tioneries, tapping synergistic benefits from closely 
allied activities. For these reasons, the existence of an 
independent paddy drying-only industry in ASEAN 
countries is rare and hard to justify. 

Why Paddy Drying May not Occur 

First, let us review the reasons as to why farmers do 
not dry their paddy at farm level. The reasons given 
(Fredericks and Mercader 1986) are: 
(a) high acquisition cost of artificial dryers beyond 

the reach of small-scale farmers due to their low 
production volumes; 

(b) unsatisfactory performance of some drying sys
tems introduced; 

(c) lack of technical know-how in dryer operations, 
resulting in inefficiency and poor milling results; 

(d) capacity of dryers incompatible with farm pro
duction and other processing equipment; and 

(e) the price structure of paddy, which does not seem 
to adequately reflect the cost of drying. 

All the above reasons can be represented byequa
tion (I). In other words, the benefit derivable from 
drying does not cover the cost of drying. The drying 
cost is high, either because of poor technical per
formance in operating the dryers or because of lack 
of economies of scale in the drying process as a 
result of the small volumes of paddy involved. We 
did some simulations of equation (I), using some 
typical Malaysian figures (Table I a-c). In Table I a, 
we assumed that the recovery rates of rice from 
paddy at 20% m.c. downwards are, respectively, 55, 
56, 57%, and so on (the recoveries of rice from 
paddy at 14 and 19% m.c. are given as 61.67 and 
56.62%, respectively, by Fredericks and Wells 
1983).3 In Table Ib, the rice recovery rates are low
ered by I percentage point for every moisture level. 
In Table Ic, the recovery rates are put even lower, at 
probably unrealistic levels, for comparative pur
poses. The gains from paddy drying ranges from 
MYR19.96 to MYR8.03 in Table la and from 
MYR28.39 to MYR 16.46 in Table I b, on a per tonne 
wet paddy basis. We conclude that the gain from dry
ing paddy is probably around MYR20/t, whereas the 
cost of drying paddy, as given in the literature, 
ranges from MYR30 to MYR69/t. Assuming that the 
rice derived from wet paddy is of a lower quality and 
hence fetches a lower price than rice obtained from 

3 It was pointed out to the author that no private miller 
would mill rice of over 16% m.c., because the milling 
machinery would clog. However, in the literature, we did 
find cases of rice recovery rate being cited for paddy at 
19% m.c. This could be for small or experimental mills 
(Loo Kau Fa. personal communication). 
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dry paddy (this quality difference is not captured in 
our equations (1)-(3», the gain from paddy drying is 
probably more than MYR20. Hence, we can infer 
that the benefit from drying paddy is quite small, at 
least in the Malaysian case.4 Thus, we can conclude 
that farmers are behaving rationally when they do not 
dry their paddy. They will dry only if they are storing 
their paddy for future consumption. In that case, 
given the small volumes of grain involved, sun dry
ing is probably economical. 

At the assembly-point level where paddy drying is 
done by independent operators, it is reported also that 
artificial drying is not widely adopted. In West and 
Central Java, for example, it is reported that hundreds 
of KUDs (village unit cooperatives) had stopped 
using locally manufactured flat-bed dryers (Freder
icks and Mercader 1986). The reason given is that the 
cost of drying paddy and its better quality are not 
reflected in a premium price for dry paddy. 

The demand for dry paddy is a derived demand, 
derived from the value that customers placed on the 
better quality products obtained from dry paddy as 
compared with the discoloured, broken products 
obtained from wct paddy. If a particular society, such 
as a society with a low standard of living, does not 
differentiate a good product from an inferior product, 
then it does not pay to produce such a good product. 
A society consumes the type of rice commensurate 
with its economic status. If the standard of living in a 
particular country is low, such that good quality rice 
does not have a premium, then such rice will not be 
produced. Drying of paddy will not take place. This is 
the doctrine of consumer sovereignty, a fundamental 
principle in market economics. 

Fredericks and Mercader (1986) seem to infer that 
K, the cost of drying paddy, is underestimated, with 
many implicit costs, such as the cost of the housing 
unit for the dryers, the costs of repairs and mainte
nance, and the opportunity cost of the farmers' time 
being not included in the estimation of K. Hence, 
given a larger actual K, equations (1 }-(3) are not sat
isfied and drying of paddy therefore does not occur. 
Their explanation ended there. We take the argument 
a step further. We take the more fundamentalist view 
that if the value of products derivable from dry versus 
wet paddy is not so different (equation (3», the result 
is a small K for equations (I )-(3) to be satisfied. In 
the existing literature, the emphasis is on K-how we 
can lower K through more technical competence and 

4 K is probably lower in other ASEAN eountries than in 
Malaysia. However. there may be even less premium 
attached to good quality rice derived from dry paddy in 
these countries because of lower per capita incomes, 
again resulting in the basic drying equation not being sat
isfied. 



improvements, lower fuel cost, less tax on imported 
components, and so on.5 In this paper we are taking a 
more fundamental approach in the sense that, per
haps, the more important factor that determines if 
equations (I )-(3) are satisfied is not K, the cost of 
drying paddy itself, but rather the difference in soci
ety's valuation of the products derived from wet ver
sus dry paddy. If society's valuation is suft1ciently 
different,6 K can be large and the equations (1)-(3) 
are still satisfied. Drying of paddy then occurs com
petitively, driven by free market forces. 

If there is one group that tends to lose the most 
from moisture in paddy, it must be the private rice 
millers. They are the people who store the paddy for 
long periods and hence will suffer the most if the 
paddy is not dry. Generally, we do not hear of com
plaints that private millers do not dry their paddy, for 
market forces will drive them into bankruptcy if they 
do not adopt the best practice or technology prevalent 
in their given environment. In fact, to remain profita
ble, private millers generally search for the best tech
nologies and practices available. For example, it is 

Table 1. Gains from moisture reduction in paddy at various rice recovery rates. 

(a) 55-60% recovery rate 

Initial moisture level 20% 19% 18% 17% 

Value of extraction rate rd 0.62 0.62 0.62 

(Yw - L)rdPr 483.1 489.65 495.70 501.74 

Value of extraction rate rw 0.55 0.56 0.57 0.58 

(YwrwPr) 463.65 472.08 480.51 488.94 

Gains from drying paddy from initial level down to 14% 19.96 17.57 15.19 12.80 

Cost of drying from initial level down to 14% From around MYRa30 to MYR70 It 

(b) 54-59% recovery rale 

Initial moisture level 20% 19% 18% 17% 

Value of ex traction rate r d 0.62 0.62 0.62 0.62 

(Yw - L)rdPr 483.61 489.65 495.70 501.74 

Value of extraction rate rw 0.54 0.55 0.56 0.57 

(Y wrwPr) 455.2200 463.65 472.08 480.51 

Gains from drying paddy from initial level down to ) 4% 28.39 26.00 23.62 21.23 

Cost of drying from initial level down to 14% From around MYR30 to MYR70/t 

(c) 53 -58% recovery rate 

Initial moisture level 20% 19% 18% 17% 

Value of extraction rate fd 0.62 0.62 0.62 0.62 

(Yw - L)rdPr 483.61 489.65 495.70 501.74 

Value of ex traction rate f w 0.53 0.54 0.55 0.56 

(YwrwPr) 446.7900 455.22 463.65 472.08 

Gains from drying paddy from initial level down to 14% 36.82 34.43 32.05 29.66 

Cost of drying from initial level down to 14% From around MYR30 to MYR70ft 

Notes: 
Average drying cost in government complexes = MYR46.60, without administrative costs. 
With administrative costs, drying cost per tonne of paddy goes up to MYR69.32 (Ghaffar and Azman ) 985) 
Average drying cost in private mills is around MYR30 to MYR40it (Rice Millers Association 1984). 
We are assuming that Y w is 1000 kg, the price of rice is MYRO.84ikg. The cost of drying is for 1000 kg. 
a During October 1995, ca 2.40 Malaysian ringgit (MYR) = USS1. 

16% 15% 

0.62 0.62 

507.79 513.83 

0.59 0.60 

497.37 505.80 

10.42 8.03 

16% 15% 

0.62 0.62 

507.79 513.83 

0.58 0.59 

488.94 497.37 

18.85 16.46 

16% 15% 

0.62 0.62 

507.79 513.83 

0.57 0.58 

480.51 488.94 

27.28 24.89 

5 These factors are of course relevant and it is the govern
ment's duty to ensure that such impediments to paddy 
drying. in the form of onerous taxes, do not exist. 

6 Society will look for quality only if it is affluent enough. 
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Quality is highly income elastic. One example is the case 
of Ko be beef. 



inconceivable that private rice millers will not dry 
their paddy if the moisture level goes above 20%, for 
the loss of product would be massive at that level. It is 
possible that between 19 and 14% m.c., millers do not 
dry their paddy, if society does not attach a premium 
to products derived from paddy at 14% m.c. as 
against products above 14% up to 19%, assuming 
there is no long storage of such paddy. Further, bro
ken rice has value in that it is used in the manufacture 
of rice noodles and rice-based confectioneries. 
Hence, the value of products derivable from paddy at 
between 19 and 14% m.c. may not be so great, again 
requiring a small K, such that equation (3) cannot be 
satistled, for moisture levels from 14 to 19%. 

The situation in government drying complexes in 
Malaysia is clear cut. Work done by Chew and Ghaf
far (1986), showed that equation (4) is not satisfied. 
The penalty deduction for moisture at government 
drying complexes is not severe enough. Hence, 
farmers benefit from not drying the paddy they sell 
to government complexes. In seasons of bumper har
vest, a disproportionately large amount of paddy is 
directed to government complexes, with the private 
millers taking the best quality grains because of the 
more stringent deduction for moisture in such com
plexes. Hence. the government drying facilities 
become overloaded and unable to handle the large 
throughput involved. The Malaysian case is truly 
unique and probably the only one of its kind in 
ASEAN, for efficiency, in this case, is made second
ary to larger political, social, and equity goals.7 

However, changes are in the offing. As of I July 
1994, the National Paddy and Rice Authority (LPN 
or Lembaga Padi dan Beras Negara), was reborn as 
BERNAS (Padi Beras Negara), a government owned 
corporatised body, that may eventually be privatised. 
It is said that BERNAS is now no longer the paddy 
buyer of last resort. BERNAS, as a corporatised 
body, will therefore have to minimise its losses at 
least, if not to maximise its profits. 

Concluding Remarks 

From the simulations of the basic equation (I), gov
erning the drying of paddy, it is shown that K, the 
cost of drying must be small, around MYR20/t for 
the Malaysian case. If the actual cost of drying 
exceeds this figure, drying of paddy is not economi
cally viable and will not take place. This seems true 
for paddy moisture regimes of around 19 to 14% m.c. 
Given this small K, farmers are behaving rationally 
when they do not dry their product unless they are 
storing it for future consumption. A major deterrent 

7 It is true that when an economy is strong it can afford to 
carry a lot of excess baggage. 
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against farm-level drying is the small volume of 
paddy involved, making economies of scale in the 
drying process unreachable for small farmers using 
artificial dryers. 

Private millers will dry the paddy if the price is 
right. However, judging from the literature, it would 
seem that for Indonesia and the Philippines at their 
current status of development, consumers do not dif
ferentiate much between rice products derived from 
paddy at moisture levels from 14 to 19%. The litera
ture is replete with statements that there is not much 
premium attached to dry paddy (and maize). The 
result is again a small K in equations (1 )-(3), making 
drying an unprofitable activity unless its cost can be 
kept low. 

There Cs therefore only so much the government 
can do to minimise K, the cost of drying, through tax 
policies and the improvement of engineering skills in 
paddy drying. The more fundamental impetus to dry
ing comes from changes in consumer taste. As socie
ties become affluent, the demand for better quality 
rice (better quality in terms of lower percentage of 
brokens, no discoloration, right amount of stickiness 
and fragrance, and so on), is bound to increase. There 
will be a premium for such quality rice, with the pre
mium being transmitted down to the paddy that is 
used to produce such rice. Th5:re will then be a suffi
cient gap between the price of dry paddy vis-it-vis wet 
paddy, even permitting a larger K, for the equations 
(1)-(3) to be satisfied. Drying will then occur as a 
matter of course. This is in fact occurring now in 
Malaysia, where the super grade of rice, whose priee 
is now left free to find its own level in the market, can 
cost as much as MYR2.40/kg compared with 
MYRO.90 for the lower, standard grade. 

In a previous study (Chew and Fatimah 1987), we 
had concluded that Thailand has the most competitive 
paddy/rice postharvest industry, followed by the Phil
ippines, Indonesia and Malaysia. This can be seen 
from the fact that the percentage of paddy handled by 
government agencies is the highest in Malaysia (esti
mated to be 30-40%), followed by Indonesia (10%), 
Philippines (7-10%) and Thailand (less than 1%). It is 
therefore consistent that Thailand has the smallest 
problem with regard to paddy drying. Further, Thai
land is the world's leading exporter of rice. It is there
fore safe to assume that the difference in prices for 
different qualities of rice in the world market will have 
filtered down to manifest itself as difference in prices 
for different qualities of paddy. If Malaysia, through 
BERNAS, fully privatises its paddy/rice postharvest 
industry, it will have taken a giant step in solving the 
ailments afflicting the industry, including the problem 
of paddy drying. Such a step is long overdue. 

If there is any lesson to be drawn from the collapse 
of the economies of the socialist and communist gov
ernments of the world over the past decade, it is that, 



in general, market economies bring a much better 
allocation of resources and a higher standard of living 
than command economies. On a micro level, the same 
goes for paddy drying. Given the free interplay of 
market forces, if society demands high quality rice, 
the right type of paddy will bc dried to produce such a 
high quality product. In the final analysis, it is the 
economics that determines whether or not a paddy 
drying technical innovation is adopted.S 
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Principles of Grain Drying and Aeration 



Grain Physical and Thermal Properties Related 
to Drying and Aeration 

Chong-Ho Lee* and Do Sup Chungt 

Abstract 

Knowledge of grain physical and thennal properties is essential not only in analysis and simulation of the 
physical and thermal phenomena in individual grain kernels and grain mass. but also in designing drying 
and aeration systems. 

A compilation of the existing data on grain physical and thermal properties, such as specific gravity, 
density. porosity. static pressure through grains. isothenns, specific heat, thermal conductivity and diffu
sivity, heat of vaporisation, and drying rate constant. is presented for selectcd cconomic grains. including 
rice and maize. 

The applicability and/or limitations of the existing data for practical and theoretical uses are reviewed. 
Research areas to secure more infonnation on grain physical and thermal properties are identified. 

WE look first in this paper at grain physical properties 
related to drying and aeration, then at lhennal proper
ties. Among the many parameters related to physical 
properties of grain, several that are related closely to 
grain drying, such as physical dimensions, volume, true 
density and specific gravity, bulk density, and porosity, 
are examined. Also, the pressure drop of airflow 
through paddy (rough rice) and maize is reviewed. 

Physical Property Parameters 

Physical dimensions of rice and maize 

Physical dimensions, such as length, width, thick
ness, and volume of grain, vary with variety, agro
nomic practice, environmental conditions, maturity, 
grain temperature, and especially moisture content. 

Because the grain kernel is hygroscopic, moisture 
content is related closely to physical dimensions of 
the grain kernel. Some infom1ation related to physical 
dimensions of rice and maize is tabulated in Tables 
1-3. Some investigators have expressed the physical 
dimensions of grain as functions of moisture content, 
as shown in Tables 2-3. 
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Wratten et at. (1969) reported a linear relationship 
between the volumes of medium- and long-grain 
paddy and moisture content, whereas Fortes and Okos 
(1980) expressed the volume of maize as a function 
of temperature and moisture content of the kernel. 
Few reports have been found relating to physical 
dimensions, especially the volume of rice and maize. 
More research is needed on the measurement of ker
nel volumes by means of computer image-processing 
techniques. Also, more information on physical 
dimensions such as sphericity, axial dimensions, sur
face area, roundness, and projected area is needed for 
simulation studies of grain drying and aeration sys
tems. 

True density and specific gravity 

True density is defined as the mass of the kernel 
per unit volume. It is sometimes referred to as kernel 
density or unit density. 

True density is useful information for analysis of 
heat and mass transfer through grains, as well as sim
ulation works on grain drying and aeration systems. 
It can be determined either by direct measurement or 
indirect prediction from specific gravity data. True 
density measurements shown in Table 4 indicate the 
variation with respect to moisture content. Therefore, 
some investigators have devised linear models to 
predict true density within the specific range of 
moisture content in which the measurement was con
ducted. 



Table 1. Some infonnation related to physical dimensions of paddy. 

Grain Variety Moisture content (%. wet basis) Length m) 

Paddy Short grain Caloro 10.4-22.6 2.28-2.39 

Medium grain Saturn 12-18 7.89-7.98 3.12-3.18 1.96-2.01 

Long grain Bluebonnet 12-18 9.68-10.03 2.59-2.69 1.91-1.98 

12-15 5-10 1.5-5 

Maize Pfister 6.7 16.26 (0.91)" 20.27 (1.07) 12.80 (0.71) 

Beck 13.96-21.26 13.30 (0.99) 8.7 (0.76) 4.7 (0.68) 

12-15 8-17 5-15 

Shelled. Yellow Dent 10.3-42.6 11.60-13.62 6.93-8.92 3.61-4.58 

a Number in parentheses indicates the standard deviation. 
Sources: Goss (1965). Thompson and Isaacs (1967). Wratten et aL (1969). Morita and Singh (1979). Fortes and Okos (1980). Nelson 
(1980). Pomeranz (1981). 

Table 2. Linear models for physical dimensions of paddy. 

Variety Moisture content (%. wet basis) Length 

Model" 

Short grain 10.40-21.89 a-7.318 
Caloro b = 1.22 X 10-2 

Medium 12-18 a -7.747 
grain Saturn b = 1.27 X 10-2 

Long grain 12-18 a - 8.941 
Bluebonnet b - 5.84 X 10-2 

a L = length. W - width, T thickness; M - moisture content. 
Sources: Wratten et a1. (1969), Morita and Singh (1979). 

W-a+bM 

a- 3.358 

b = 8.90 x 10-3 

a- 2.842 

b -7.62 x 10-3 

a - 2.388 

b 1.65 x 10-2 

Table 3. Measurements and models for kernel volumes of rice. paddy, and maize. 

Grain Variety Moisture content Kernel volume 
(%, wet basis) (1O-5m3) 

Paddy Medium grain Saturn 12-18 16.06-19.17 

Long grain Bluebonnet 12-18 18.35-19.66 

Rice Caloro 8.6 21.35 (O.38)b 

Calrose 9.2 19.71 (0.288) 

Hy Mix Early 8.8 17.86 (0.24) 

Maize Beck 65 0 25.0 

Pfister 9.0-30.8 26.9-36.9 

Pfister 347 6.7 26.8{0.752) 

a M moisture content (%, wet basis). 
bNumbers in parentheses indicate the standard deviations. 

Thickness 

T a+bM 

a 2.287 

b - 8.90 x 10-3 

a 1.842 

b 8.9 x 10-3 

a 1.765 

b - 1.43 X 10-3 

Models· 

9.7339 + 0.5097 M 

15.4038 + 0.2994 M 

Sources: Goss (1965). Thompson and Isaacs (1967), Wratten et aL (1969), Mohsenin (1986). Fortes and Okos (1980). 
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Table 4. True density measurements for rice, paddy, and maize from various sources. 

Rice Caloro \358.4 

Calrose 9.2 1364.8 

Hy Mix Early 8.8 1387.2 

Paddy Medium 12-18 1324.3-1371.8 

Medium 16.5 1395.3 

Medium [ 1.5 1404.9 

Long 12-18 1362.9-1384.0 

Long 14-22 1027.4-1054.7 1046.1 - 1.0lM 

Long 15.2 1403.3 

Long 11.5 1391.1 

Maize Pfister 347 6.7 1292.7 

Beek65 21.7 1236_13 

Seed 16-44 1190.5-1293.3 

Shelled 24-26 1369.1 

Yellow 9-27 1284.5-1313.4 

1370.0 0.028[I00M/(l00 M)] 

1327.8 - 1.60M 

1251.9 + 7 .14M - O.597M2 + 0.0019M3 

1300.7 3.23 M 

1402 - 535 M 

Yellow Dent [0.3-42.6 1237.0-[274.0 

Yellow Dent 12-23 1208.1-1250.0 

Unknown 15-45 

Yellow Dent 10.3-42.6 1228.0-1334.0 

Dekalb 24.2-37.8 1370-2.8( JOOM!( I 00 - M» 

Shelled Yellow Dent 16.3 1287.7 

a M = moisture content (%, wet basis). 
Sources: Goss (1965). Wrattcn et aJ. (1969), Chung and Converse (l971), Gustafsoll and Hall (1974), Calderwood (1973). Brusewitz 
(1975), Fortes and Okos (1980), Kim (1980). Nelson (1980), Kay et aJ. (1989). 

Some linear models show that true density 
decreases linearly with an increase in moisture con
tent. Nelson (1980), on the other hand, devised a 
third-degree polynomial with respect to moisture con
tent to predict the true density. 

The true densities of rice and paddy range from 
1358 to 1387 kg/m3 and from 1027 to 1405 kg!m3, 

respectively, depending on the variety and moisture 
eontent. The true density of maize falls in the range 
from 1190 to 1369 kg/m3 depending on the variety 
and the moisture content. 

Specific gravity data from various sources are tabu
lated in Table 5. Specific gravity values of rice and 
paddy tluctuate between 1.11 and about 1.39, depend
ing on the variety and moisture content. Specific 
gravity values of maize vary from 1.19 to 1.30, 
according to the variety and the moisture range in 
which the measurement was conducted. 

Wratten et al. (I969) and Morita and Singh (1979) 
devised models to predict specitlc gravity values of 
short-, medium-, and long-grain paddy as shown in 
Table 5. 
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Bulk density values of rice and maize 

Bulk density is defined as the density of material 
when packed or stacked in bulk, and represented as the 
mass per total volume of solid and air void. Test weight, 
which is used as a bulk density in the United States, is 
detlned as the weight of a dockage-free sample per 
Winchester bushel (0.03524 m\ Bulk density is much 
more important than true density in drying and aeration 
practices. It is affected by moisture content, the amount 
of tines and foreign material. and the degree of filling. 
In general, the bulk densities of rice, paddy, and maize 
are measured under the loose-fill condition. 

The bulk density values of rice range from 570 kg! 
m3 to 591 kg/m3 as shown in Table 6. On the other 
hand, those of paddy fluctuate around the value of 576 
kg/m'" depending on the variety and moisture content. 

Wratten et al. (1969) and other investigators reported 
that bulk density has a linear relationship with the 
moisture content of paddy \vithin the range of moisture 
content in which the measurement was conducted. Five 
linear models indicate that the bulk density of paddy 
increases with increasing moisture content, in contrast 
to the tendency of the true density values. 



TableS. Specific gravity values of rice, paddy, and maize. 

Grain Variety Moisture content 
(%, wet basis) 

Rice Caloro 8.6 

Calrose 9.2 

HyMix Early 8.0 

Hondurus 11.9 

Wateribune 12.4 

Paddy Short, Caloro 10.8-21.5 

Medium, Saturn 12-18 

Long, Bluebonnet 12-18 

Maize Pfister 347 6.7 

No.1 9.0 

Shclled, Yellow Dent 25.0 

Shelled, Yellow Dent 15.0 

Shelled, Yellow Dent 10.3-42.6 

• M= moisture content (%, wet basis). 

Specific gravity 

1.36 

1.36 

1.39 

1.11 b 

1.12b 

1.299-1.359 

1.325-1.374 

1.384-1.385 

1.29 

1.19 

1.27b 

1.30b 

Model" 

1.424 - 0.00564 M 

1.465 0.076 M 

1.436 - 0.0042 M 

1.2519 + 0.OO714M 0.00597IM2 + 
0.OOOO1088M3 

bCalculated from the values of porosity and loose-fill bulk density and approved by the ASAE. 
Sources: Zink (1935), Goss (1965), Wratten et al. (1969), Morita and Singh (1979), Nelson (1980), ASAE (1995). 

Table 6. Bulk density values of rice and paddy. 

Grain Variety 

Rice Caloro 

Calrose 

Hy Mix Early 

Paddy Short, Caloro 

Short 

Medium, Saturn 

Medium 

Medium 

Long 

Long 

Long 

Long 

Unspecified 

Unspecified 

Unspecified 

Long, Tobonnet 

• M = moisture content (%, wet basis). 
b Data approved by the ASAE. 

Moisture content 
(%, wet basis) 

8.6 

9.2 

8.8 

11.24-20_95 

14-22 

12-18 

6-28 

13.2 

12-18 

9-11 

13.5 

14-22 

12-16 

9.6-25 

12-24 

Numbers in parentheses indicate the standard deviations. 

Bulk density 

591.2(9.3) 

632-664 

598.3-648.3 

590.0 

585.6-615.1 

561.0-598.0 

710.0-780.0 

590.0 

656.8-752.9 

579b 

480-604 

Model" 

583.6 + 4.27 M 

537.6 + 1.22 M 

499.7 +8.33 M 

567.2 + 4.\3 M 

519.4 +5.29 M 

529.2 - 1.105 M + 0.00955 M2 

Sources: Lorcnzen (1957), Goss (1965), Kazarian and Hall (1965). Wratten et al. (1969), Brooker et a!. (1974), Morila and Singh 
(1979), Mohsenin (1986), Siebenmorgen and Jindal (1987), USDA (1990). 
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The bulk density values of various vanetJes or 
hybrids of maize from various sources are summa
rised in Table 7. Excluding the extreme data, the vari
ation of the bulk density of maize remains within the 
range of about 10% of 721 kg/m}. 

The second- or third-degree polynomials with 
respect to moisture content to predict the bulk density 
of shelled maize, which were devised originally by 
Brusewitz (1975) and Nelson (1980), were approved 
by the American Society for Agricultural Engineers 
(ASAE). Brusewitz (1975) commented that bulk den
sity of seed maize reaches a maximum value at 
around 30% moisture content. 

On the other hand, Brooker et aL (1992) reported 
that the test weight of grain usually increases during 
the drying process until a maximum is reached at a 
moisture content of 14-16% (wet basis, w.b.). In con
trast to the trend of the values of bulk density for 
paddy, the linear models for flint and dent maizes 
devised by Vermuganti and Pfost (1980) show that 
bulk density of maize decreases as the moisture con
tent increases. 

Table 7. Bulk density of maize. 

Porosity values 

Porosity is defined as the volume fraction of air 
void space and is presented as the ratio of air or void 
volume to the total volume. Porosity is determined 
usually by means of either direct measurement of the 
volume fraction of air or indirect prediction using the 
relationship between porosity, true density, and bulk 
density. 

Porosity values for rice and maize are compiled in 
Table 8, some porosity data shown are approved by 
the ASAE. W ratten et a!. (1969) and other researchers 
reported that the porosity of rice and paddy ranges 
from 46 to 60% depending on the variety and the 
moisture content. Porosity values of maize fluctuate 
within the range from 37 to 47.6 %, depending on the 
variety and the moisture content. Porosity values of 
maize approved by the ASAE remain about at the 
centre of this range. Wratten et aL (1969) and other 
investigators reported a relationship between porosity 
and the moisture content for paddy. On the other 
hand, Guslafson and Hall (1972) and Chung and Con
verse (1971) expressed the porosity of maize in rela
tion to test weight or bulk density. 

Variety Moisture content 
(%, wet basis) 

Bulk density 
(kg/m3) 

Modelsa 

Pfister 347 

Shelled 

Shelled 

Shelled 

Shelled 

Flint 

Dent 

Yellow Dent 

Yellow Dent 

Seed 

Ear Husked 

Green Sweet 

Yellow Dent Shelled 

Yellow Dent Shelled 

Stauffer 

B. Jac 

Shelled, Yellow Dent 

a M _ moisture content ('lo, wet basis). 
b Data approved by the ASAE. 

6.7 

7.3-23.9 

12 

12-16 

6-28 

6-28 

10-35 

12-23 

16-44 

0-15 

10.3-42.6 

12--18.2 

11.8-17.6 

16.3 

656.8-752.9 

659.96 

745 

72lb 

717.6 

644.8-789.1 

636.5-779.0 

638.5-742.2 

698.4-784.3 

710.3-734.1 

448.5 

448.5 

749.7 

708-775 

731-826 

735-821 

752.7 

828.5 6.56M 

818.1 6.52M 

682.9 + 14.22M 0.9843M2 + 0.01 548M3 

1086.3 2971M + 4810M2b 

701.9+ 1676M 11 598M2 + 18240M3b 

682.9 + 14.22M 0.9843M2 + 0.01 548M3 

Sources: Zink (1935), Goss (1965), Bakker-Arkema et al. (1971), Gustafson and Hall (1974), Hall (1971), Hall and Hill (1974), Bruse
witz (1975), Nelson (1980), Chang (1986), Mohsenin (1986), Kay et aL (1989), USDA (1990), ASAE (1995). 
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Table 8. Porosity values of rice, paddy, and maize. 

Gmin Models" Variety Moisture content Porosity (%) 

Rice Hondurus 

Wateribune 

Paddy Durar 

Taichung 

Kalinpong 

Short 

Medium 

Medium 

Long 

Long 

Unspecified 

Maize No. I 

Shelled, Yellow Dent 

Shelled. Yellow Dent 

Yellow 

Yellow 

Shelled 

Yellow. Shelled 

Yellow, Dent 

Unspecified 

(%, wet basis) 

11.9 

12.4 

1 lA 

9.3 

9.7 

14-22 

12-18 

13.2 

12-18 

14-22 

12-16 

9.0 

25.0 

IS 

9-14 

9-27 

9-31 

9-27 

12-2304 

12-16 

46.5 

51.0 

52.0 

54.5 

46.4-47.6 

58.5-53.1 

52.5 

56.9-59.6 

48.4-50.8 

48.0 

40.0 

44.0 

40 

38.5-47.6 

38.5-47.6 

37--42 

40 

49.7 0.227M 

65.6 - 0.475 M 

69.5 - 0.885 M 

49.4 + 0.064 M - 0.0099 M2 

101.0 - 0.078pb 

8104 0.056 Wt 

a M = moisture content (%, wet basis), pb - bulk density (kg/mJ ), Wt - test weight (kg/m'), 
b Data approved by the ASAE. 
Sources: Zink (1935). Thompson and lsaacs (1967). Wratten et a!. (1969), Hosokawa and Matsumoto (1971), Chung and Converse 
(1971), Gustafson and Hall (1972). Agrawal and Chand (1974), Braoker et a!. (\ 974), Kim (1980), Haque et al. (1982). 

In general, the value of porosity varies with the 
degree of filling, the amount of fine materials, bulk 
density, and moisture content. However, it seems rea
sonable for porosity to be expressed as a function of 
bulk density, because the degree of filling and mois
ture content are already reflected in the bulk density 
value. 

Static pressure drop 

In order to design a grain dryer or aeration system 
and to choose the correct fan, accurate information 
about the pressure drop for airflow through the grain 
bed is very important. Many investigators have found 
that airflow rate, the surface and shape characteristics 
of grain, the size and configuration of the voi~s, 

moisture content, the variability of the particle size, 
the bed depth, the extent of packing, and the amount 
of foreign material affect the pressure drop of airflow 
through grains. 
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Brooker et al. (1974) reported that the resistance 
pressure increases with an increase in the percentage 
of fines in the grain mass. Haque et al. (1982) investi
gated the effect of the moisture content of grain on 
the resistance to airflow. They reported that the static 
pressure through grain is influenced significantly by 
airflow rate and the moisture content. Hukill and 
Shedd (1955) developed a model to predict the presi 
sure drop over an airflow range 0.01--0.20 m3/s m 
and determined the constants involved in the equation 
for several grains. 

Haque et al. (1978) and Chung et al. (1985) 
expressed the static pressure or pressure drop as a 
second-order polynomial of airflow rate, moisture 
content of grain, and the percentage of fines present. 
Also, Siebenmorgen and lindal (1987) developed a 
model to predict the pressure drop of airflow through 
a bed of paddy and identified air velocity as the 
major factor. 



Kay et al. (1989) reported that the horizontal air
flow resistances through shelled maize were about 58 
and 45% of the vertical airllow resistance when air
flow rates were above and below O.lm3/s m2, respec
tively. Li and Sokhansanj (1994) devised a 
generalised equation to estimate airflow resistance of 
bulk grain with variable density, moisture content, 
and fines when porosity, moisture content, and fines 
concentration were specified. Jayas and Mann (1994) 
developed a modified Shedd's equation to solve for 
airflow rate explicitly in the case when the pressure 
drop is known and airflow rate is required. After test
ing that equation, they concluded that airflow resist
ance data can be summarised using a single equation 
with a modifier for each seed type, Shedd's equation 
gave a reasonable approximation at high airflow rates 
over 0.04 m3/s m2, but the error increased at low air
flow rates below 0.006 m3/s m2. 

The ASAE revised Shedd's equation to the form 
shown in equation (I) and approved it for determin
ing the static pressure drop of airflow through a grain 
bed. The values of constants involved in that revised 
model for paddy and maize are tabulated in Table 9. 

AP/L aQ2/1n( 1 + bQ) (1) 

where, AP = static pressure (Pa), L = bed depth 
(m). Q = airtlow rate (m3/s m2 ), and a and b are con
stants. 

However, the ASAE advises using two other 
empirical equations for predicting pressure drop 
when fines concentration and bulk density affect 
pressure drop of airflow. 

Some of the models devised to determine the static 
pressure drop for rice and maize are illustrated in 
Table 10. It can be seen that these models include 
only a limited number of parameters among several 
that may affect the static pressure drop, such as air
flow rate, bed depth, density, moisture content, the 
amount of fine materials, the degree of filling, and 
particle size. 

Table 9. Values for constants in airflow resistance equation. 

Grain Variety Value ofa 

Rice Long, Brown 

Long. Milled 2.18 x 104 

Medium, Brown 3,49 x 104 

Medium, Milled 2.90 x 104 

Maize Ear (Lot 4) 1.04 x 104 

Shelled 2.07 x 104 

Shelled (Low Airflow) 9.77 x 104 

Sources:Shedd (1953), Calderwood (1966). ASAE (1995). 
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In order for these models to be used for simulation 
work on grain drying and aeration systems, further 
research is encouraged to develop models including 
as many parameters as possible and to determine 
accurate correlations among these parameters. 

Thermal Property Parameters 

A knowledge of the thermal properties of grain is 
essential when studying the problems encountered in 
drying and storage of grain in bulk. In this section, 
specific heat, thermal conductivity, thermal diffusiv
ity, isotherms, and heat of vaporisation are reviewed. 

Specific heat 

Specific heat is defined as the amount of heat nec
essary to raise the temperature of a unit mass of the 
material by a unit degree. In drying practices, infor
mation on specific heat is very important in calculat
ing the total amount of heat necessary to raise the 
temperature of grain to a certain level. Some investi
gators have measured the specific heat of rice and 
maize. However, their studies were focused mainly 
on determining the relationship between these values 
and moisture content of grain. 

ASAE (1995) approved and reaffirmed six linear 
models for predicting the specific heat of rice, paddy, 
and maize within a specified moisture range. These 
specific heat values and models, which originated 
from research conducted by Haswell (1954), Kazar
ian and Hall (1965), Wratten et al. (1969), and Morita 
and Singh (1979), are summarised in Table I J. 

Regardless of variety. the values of specific heat of 
rice and paddy falls within a range from 1.3 kJ/kg K 
to about 2.0 kJ/kg K within the moisture range J 0-
20% (w.b.). On the other hand, specific heat values of 
maize range from 1.5 to 2.5 kJ/kg K at approximately 
294 K when the moisture content varies between IO 
and 30% (w.b.). 

Valueofb Range ofQ 

7.74 0.0055-0.164 

8.34 0.0055-0.164 

10.9 0,0055-0.164 

10.6 0.0055-0.164 

325 0.051-0.353 

30,4 0.0056--0.304 

8.55 0.00025-0.0203 



Table 10. Some models for determining pressure drop or static pressure and airflow rate. 

+ bln(AP) + c 

-CMV 

P = pressure (Palm) 
moisture content (12.8%, wet basis) 
bed cm) 

AP = pressure drop (Palm) 
Qa = airflow rate (m3/s mZ) (0.076-0.381) 
FM = % foreign materials (0-20) 
bed (45.72 cm) 

v = air velocity (m/s) 

Value of constants 

Paddy (long grain) 
a -0.031 
b 0.92 
c --3.024 

Yellow dent maize 
Cl 436.67 

Source 

(I) 

(2) 

M = moisture content (%, wet basis) (12.4-25.3) 
A 1611.7 
B 4949.3 
C= 55.1 

Ps (mD + 
c)AoD+e 

Ps = static pressure (mmH20) 
D = bed depth (cm) 
Q = air flow rate (m3/min m2) (1-6) 
moisture content (13.5%, wet basis) 

Q - airflow rate (cfm/ft2) (10-70) 
P = pressure drop (inch H20) 
D = bed depth (ft) (2-8) 

pressure 
AF = airflow rate 

Paddy 
m 0.322 
c -1.32 
D 2.14 
e =-0.0089 

Shelled maize with impurities 
(20% w.b.) alSO. b = 0.564 c = 0.646 
Cleaned shelled maize 
a - 303, b 0,422, c - 0.542 

Paddy (long grain) 
A-3749.15 

(4) 

(5) 

(6) 

MC = moisture content (%, wet basis) (11.8-19.5) 
FM = % fine material (0-8) 

B 8289.97 
C-I17.12 

P-V(bIF+bZM 
+ b3D + b4V) 

P - pressure drop (Palm) 
V = airvelocity (mJs) (0.013-0.387) 
F = fines percentage (%) (0-30) 

D- 164.23 

Paddy (long grain) 
b l 25.859 
b2 -90.056 

(7) 

wet basis) (12-24) b3 5.587 
-9133.6% 

Sources: I. Gunasekaran et al. (1983), 2. Haque el at. (1978), 3. Haque et at. (1978), 4. Husain and Ojha (1969),5. Shedd (1945, 
1951),6. Chung et al. (1985), 7. Siehenmorgen and Jindal (1987). 

Six linear models in Table 11 indicate that specific 
heat of rice and maize increases with an increase in 
moisture content. 

Thermal conductivity 

Thermal conductivity is defined as the rate of heat 
flow through a material by conduction. Thermal con
ductivity values of rice and maize have been deter
mined by a few investigators using various methods. 

Thermal conductivity values of paddy fluctuate 
within the range 0.1021-0.1270 W/m K depending 
on the variety and moisture content. Thcmlal conduc
tivity values of maize range from 0.1405 to 0.1724 wl 
m K with an increase in moisture content from about 
1 to 30% (w.b.). 

The ASAE approved two equations for predicting 
thermal eonductivity values of paddy and eight 
numerical values for thermal conductivity of maize at 
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specified moisture levels. These equations and 
numerical values are tabulated in Table 12. They 
originated from research conducted by Oxley (1944), 
Kazarian and Hall (1965). Wratten et al. (1969), and 
Morita and Singh (1979). 

Kazarian and Hall (1965) expressed the relation
ship between thermal conductivity and moisture con
tent as a linear funclion within the moisture range 5-
30% (w.b.), whereas Fortes and Okos (1980) 
expressed it as a function of moisture content and 
temperature. 

On the other hand, Chang (1986) described thermal 
conductivity for two varieties of maize as linear func
tions of bulk density within a moisture range from 
about 12 to 18% (w.b.), as well as within a bulk den
sity range of 731 to 826 kg!m3. He commented that 
bulk thermal conductivity of maize increases linearly 
with the bulk density at a constant moisture content. 



Table 11. Specific heat values for rice, paddy. and maize approved by tbe ASAE. 

Grain Variety Moisture content Temperature Mean temperature Specific heat a (kJ/kg K) 
(%, wet basis) range (0C) (K) 

Rice Shelled 9.8-17.6 1.202 + 0.00381 M 

Milled 10.8-17.4 1.181 + 0.0377 M 

Paddy 10.2-17.0 1.110 + 0.0448 M 

Short 11-24 1.269 + 0.03489 M 

Medium 10-20 0.9214 + 0.0545 M 

Maize Yellow Dent 0.9 12.2-28.8 293.65 1.532 

5.1 12.2-28.8 293.65 1.691 

9.8 12.2-28.8 293.65 1.834 

14.7 12.2-28.8 293.65 2.026 

20.1 12.2-28.8 293.65 2.223 

24.7 12.2-28.8 293.65 2.374 

30.2 12.2-28.8 293.65 2.462 

293.65 1.465 + 0.0356 M 

"M = moisture content (%, wet basis). 
Sources: Haswell (1954), Kazarian and Hall (1965), Morita and Singh (1979). Wratten et aL (\969). 

Table 12. Thermal eonductivity values of paddy and maize. 

Grain Variety Moisture content 
(%, wet basis) 

Paddy Short 11-24 

Medium 10-20 

Maize Yellow Dent 0.9 

Yellow Dent 5.1 

Yellow Dent 9.8 

Yellow Dent 13.2 

Yellow Dent 14.7 

Yellow Dent 20.1 

Yellow Dent 24.7 

Yellow Dent 30.2 

a M moisture content (%, wet basis). 

Conductivity (WI 
mOK) 

0.113 0.127 

0.1020 - 0.1124 

0.1405 

0.1466 

0.1520 

0.1765 

0.1591 

0.1636 

0.1700 

0.1724 

Estimation model 
(W/mOK) 

0.10000 + 0.00111 M 

0.0866 + 0.00133 M 

0.1490 + 0.00112M 

Sources: Kazarian and Hall (1965), Wratten et a!. (1969), Morita and Singh (1979), ASAE (1995). 

Brooker et al. Cl 974) reported that thermal conduc
tivity values of paddy and maize are 0.106 and 0.159 
W/m K, respectively. Kim (1980) reported that ther
mal conductivity of paddy is closely related to the 
porosity value of bulk samples. 

Thermal ditTusivity 

Thermal diffusivity can be determined either by 
direct measurement or by indirect prediction from 
thermal conductivity, specific heat, and density data. 

Kazarian and Hall (1965) measured thermal diffu
sivity of yellow dent maize experimentally within a 
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moisture range from 0.9 to 30.2% (w.b.) at a mean 
temperature of 286,95 K. The values fall within the 
range 0.000312-0.000367 m2/h depending on the 
moisture content. They reported that the maximum 
difference between the calculated and the measured 
thermal diffusivity values was 16%. 

On the other hand, W ratten et a1. C 1969) and Morita 
and Singh (1979) calculated the thermal diffusivity 
values for three varieties of paddy using thermal con
ductivity, specific heal, and density data. Their ther
mal diffusivity values for paddy range from 
0.0003084 to 0.000395 m2/h depending on the vari-



ety and moisture content. Regardless of variety, the 
maximum difference among diffusivity values of 
paddy is about 22%. They found that the bulk diffu
sivity data appeared to be linearly dependent on 
moisture content of grain kernels. Thermal diffusivity 
values for rice and paddy deternlined by Jones et at. 
(1992) fall into the range =0.0003600 to 0.0003852 
m2 Ih depending on moisture content and bulk den
sity. 

Thermal diffusivity values of paddy and maize are 
given in Table 13. 

Adsorption and desorption isotherms 

The equilibrium moisture content (e.m.c.) is 
important in grain drying practice because it deter
mines the minimum moisture content to which grain 
can be dried under a given set of drying conditions. 
The e.m.c. depends on the humidity and temperature 
of the environment as well as the characteristics of 
grain. Accurate information on e.m.c. becomes the 
basis of successful simulation and optimisation of 
grain drying and aeration systems. 

Various theoretical. semi-theoretical, and empirical 
models have been developed for predicting the mois
ture equilibria of cereal grains. Some of these models 
have been tested for their accuracy and applicability 
by other investigators. Some of them are applicable 
within limited ranges of relative humidity and either 
the adsorption or desorption phase. Also, the applica
bility of some theoretical models is limited because 
of the lack of information on the product constants. 

Many research works have focused on the desorp
!ion phase rather than the adsorption phase. A few 
experimental e.m.c. tests have been conducted suc
cessfully at relative humidities above 90%, but the 
equations are suspect in that region because of con
densation on the grain sample or mould development 

during the experimental process, especially when 
adopting the static method. Therefore, Zuritz et al. 
(1979) and Brooker et al. (1992) suggested a dynamic 
method for study of isotherms at higher levels of rela
tive humidity. 

Banaszeck and Siebenmorgen (1990) investigated 
the effects of temperature, relative humidity, and ini
tial moisture content on equilibrium moisture content 
of long-grain paddy under adsorption conditions and 
modified again the modified Henderson and Chung
Pfost equations to include the contributions of initial 
moisture content in predicting equilibrium moisture 
content. 

Among the several e.m.c. models, four well-known 
ones are the BET equation, the Smith equation, the 
modified Henderson equation, and the Chung-Pfost 
equation. The Chung-Pfost equation and the modi
fied Henderson equation have been evaluated as 
being more aceurate than other equations over a 
wider range of relative humidity and for various 
cereal grains. 

The ASAE approved these two equations. Table 14 
shows the two equations and their constants for 
paddy and maize. 

Heat of vaporisation 

The heat of vaporisation of water in grains is 
defined as the energy required to vaporise a unit 
amount of moisture from the grain at a certain mois
ture content and temperature. The heat of vaporisa
tion has been determined by either direct 
measurement or indirect prediction using equilibrium 
moisture content data for the specific grain. There
fore, accurate calculation of the heat of vaporisation 
is based totally on the correct choice of equilibrium 
moisture content data for the specific situation. 

Table 13. Bulk thermal diffusivity values of rice, paddy, and maize. 

Grain Variety Moisture content 
(%. wet basis) 

Paddy Short 10-20 

Medium 10-20 

Maize Yellow Dent 0.9 

Yellow Dent 5.1 

Yellow Dent 0.8 

Yellow Dent 14.7 

Yellow Dent 20.1 

Yellow Dent 24.7 

Yellow Dent 30.2 

" M = moi~ture content (%, wet basis). 

Temperature 
range (QC) 

8.7-23.3 

8.7-23.3 

8.7-23.3 

8.7-23.3 

8.7-23.3 

8.7-23.3 

8.7-23.3 

Mean temperature 
(K) 

286.95 

286.95 

286.95 

286.95 

286.95 

286.95 

286.95 

Sources: Kazarian and Hall (1965), Wratten et al. (1969), Morita and Singh (1979), ASAE (1995). 
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Diffusivity" 

0.000451 0.OOO00585M 

0.000468 + 0.OOOOO897M 

0.000367 

0.000354 

0.000353 

0.000326 

0.000312 

0,000320 

0.000333 



Table 14. Equilibrium moisture content equations and constants approved by the ASAE. 

Constants Grain 

Yellow dent maize 

Modified Henderson equation 

_1_[ in(1 RH) 11/ N 
K 1.9187 8.6541 

M 
100 -K(T+C)J N 2.4451 1.8634 

C 51.161 49.810 
RH I Exp[-K(T+C)(IOOM)t SEMb 0.0097 0.0127 

Chung-Pfost equation 

M ~ E- F in[-(T + C)in(RH)] 
A 594.61 312.40 

B 21.732 16.958 

RH ~ EXP[ (T-+AC) EXP(-BM)] 
C 35.703 30.205 

E 0.29394 0.33872 

F 0.0046015 0.058970 

SEMb 0.0096 0.0121 

a M _ gntin moisture (decimal. dry basis), RH - relative humidity (deeimal), T = tempentlure (cC). 
b SEM = standard error moisture. 

It is known that the heat of vaporisation of grains 
increases as moisture content and grain temperature 
decrease and is higher than that of free water below a 
certain moisture content. 

Palani-Muthu and Chattopadhyay (1993) reported 
that the moisture inside brown, parboiled rice 
behaved almost like free water when the moisture 
content was above 12% (w.b.). They also observed a 
curvilinear relationship between the heat of vaporisa
tion ratio and moisture content and drew an expres
sion for heat of vaporisation of moisture in terms of 
moisture content and grain temperature in the mois
ture range between 5% and 27% (w.b.). 

Rodriguez-Arias et al. (1963) reported that the heat 
of vaporisation of shelled maize decreases with an 
increase in moisture content and approaches that of 
free water at a high moisture content between 30 and 
50°C. Johnson and Dale (1954) reported that the heat 
of vaporisation of water in wheat and maize is 
between 1.00 and 1.06 times that of free water when 
the moisture content is above 12.3% (w.b.), and the 
requirement for vaporisation increases further below 
12.3% (w.b.) moisture content. 

Chung and Pfost (1967) reported that the isosteric 
heat in the desorption and adsorption phases ranged 
from 3508 to 2484 kJ/kg and from 3070 to 2470 kJI 
kg, respectively, and the net heat of vaporisation var
ied from 1098 to 74 kJikg in the desorption phase and 
from 658 to 60 kJ/kg in the adsorption phase, when 
moisture content ranged from 4 to 20% at 31°C. They 
drew the conclusion that the net heat of sorption 
approaches zero as the moisture content increases. 

Their conclusion was similar to that of Johnson and 
Dale (1954). Thompson and Shedd (\ 954) investi
gated the heat of vaporisation of maize and wheat by 
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using Othmer's method (Othmer 1940) at five levels 
of grain temperature and six levels of moisture con
tent. They concluded that it decreases with increases 
in moisture content and grain temperature. Wang and 
Sigh (1978) also developed an empirical equation in 
terms of moisture content and temperature for calcu
lating heat of vaporisation of paddy using the e.m.c. 
data prepared by Zuritz et at. (1979). 

Brooker et a1. ( 1992) calculated the heat of vapori
sation for maize by using the Clapeyron equation and 
the modified Henderson equation for determining the 
heat of vaporisation ratio and relative humidity, 
respeetively. The calculated values are shown in 
Table 15. 

Drying and rewetting rates 

Accurate prediction of the drying and rewetting 
behaviour of deep beds of grain depends directly on 
an accurate description of the thin-layer process, 
under the assumption that the deep bed is composed 
of a series of thin layers. 

Therefore, a number of investigators have tried to 
develop successful thin-layer drying and rewetting 
models for grain, especially for shelled maize. Each 
has developed an equation from their own data 
obtained under conditions of interest to them. 

Thompson et at. (1968) developed a mathematical 
drying model to predict the performance of various 
types of grain dryers. Sharaf-Eldeen et al. (1980) 
developed a model for drying of fully exposed ear 
maize by using the general form of the solution to the 
diffusion equation and determined drying parameters. 
They commented that their model should be benefi
cial in describing bulk drying of ear maize. 



Table 15. Heat of vaporisation of maize at different grain temperatures and moisture conlents.a 

Moisture conlent 
(%, wet basis) 

0 10 

5 3035 (1.2140) 3007 (1.2139) 

10 2949 (1.1796) 2921 (1.1832) 

15 2837 (1.1348) 2809 (1.1340) 

20 2721 (1.0884) 2695 (1.0880) 

Pure waler 2500 

Model: L ~ (2502.2 - 2.39T) [I + Exp(-BMl] 
where L - latent heat of vaporisation, Id/kg 
T = grain temperature, QC 
M = moisture content, basis, decimal 
Yellow maize: (A - B 16.961) 
Paddy: (A = 2.0692, B 21.739) 

2477 

Grain temperature (OC) 

21.1 

2979 (1.2144) 

2893 (1.1794) 

2783 (1.1345) 

2670 (1.0885) 

2453 

37.8 

2928 0.2144) 

2844 (1.1796) 

2735 (1.1344) 

2625 (1.0888) 

2411 

65.6 

2846 (1.2147) 

2765 (1.1801) 

2660 (1.1353) 

2551 (1.0888) 

2343 

• Numbers in parentheses indicate the ratios of latent heat of maize to latent heat of free water. 
Source: Braoker et al. (1992). 

Misra and Brooker (1980), Li and Morey (I 984), 
and other investigators used equilibrium moisture 
content (Me) when defining the moisture content ratio 
(MR). However, Hustrulid and Flikke (1959) and 
some other investigators introduced the dynamic equi
librium moisture content (Ms), instead of Mc, into 
models for determining the rate of thin-layer drying. 

Misra and Brooker ([ 980) conducted their own 
experimental work for shelled yellow dent maize and 
compiled from other sources all useful data on thin
layer drying and rewetting in the temperature range 
of 2.2 to 71.1 qc. They identified the model described 
in equation (2) as the most promising one through the 
preliminary analysis, then expressed the drying con
stants K and N as a function of air temperature (T), 
air humidity (H), air velocity (V), and the initial 
moisture content (Mo). 

MR = (M - Me)/(Mo - Me) = exp[-KtN] (2) 

where MR = moisture content ratio, M = moisture 
content (%, dry basis), Me = equilibrium moisture 
content (%, dry basis), and t = time. 

Through statistical analysis of the combined data 
obtained from their own and other investigators' 
experimental work, they determined the values for 
the drying constants K and N shown in Table 16. 
They concluded that drying air temperature and the 
air vclocity significantly affect the parameter K in the 
drying phase equation, and the air temperature and 
the initial moisture content significantly affect the 
parameter K in the thin-layer rewetting equation. 

Li and Marey (1984) determined the drying con
stants K and N for yellow dent maize harvested in 
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two consecutive years, by an approach similar to 
that used by Misra and Brooker ( 1980). After testing 
the effect of drying air temperature, airflow rate, ini
tial moisture content, and relative humidity on thin
layer drying rate, they concluded that drying air 
temperature had the greatest effect on drying rates, 
and airflow rate and relative humidity had smaller 
effects. In addition, they suggested that relative 
humidity can probably be neglected when develop
ing thin-layer models for use in a deep-bed drying 
simulation, 

On the other hand, Bakker-Arkema (1984) and 
Bruse (I985) suggested use of diffusion-type drying 
equations for most grains, instead of the existing 
empirical drying-rate equations. Jayas et al. (1991) 
reviewed 40 thin-layer drying and wetting equations 
for their applicability, and commented that the theo
retical equations describe the thin-layer drying as 
broadly as the empirical one. 

Wongwises and Thongprasert (1990) determined 
the drying rate of long-grain paddy under tropical 
conditions and devised an exponential model with the 
exponent as a function of drying air, relative humid
ity, and initial moisture content, and the coefficient 
expressed as a function of drying air temperature and 
initial moisture content of paddy. 

Parti (1990) reviewed the existing thin-layer drying 
equations for grains and reported that the exponential 
law generally overestimates the drying rate in the first 
period of the drying and underestimates it in the last 
period. They also investigated the applicability of 
both temperature equilibrium and moisture equilib
rium in grain drying. 



Table 16. Drying constants for yellow dent maize. 

Drying constants K" 
~~~~~~~~~~~~~~~~~~~~~~~-----------------------------

Model K - Exp [-a + b In (1.8T + 32) + CV] 

a-7.1735b-1.2793c 0.1378 

a - 8.5122 b - 1.2178 c - 0.0864 

N - d In (H) + eMo 

d - 0.0811 e - 0.0078 

d = 2.1876 e - -0.0167 

0.967 

0.991 

Drying 

Rewetting 

Model K a + bT2 + cTMo N - d + eMo2 + fT2 

a-1.091 x 1O-2 b 2.267 x 10-6 c -7.286x 10-6 d-0.5375e-1.l41 x 1O-5 f-5.183 x 10-5 0.975 

T = air temperature (OK). V - air velocity (m/s). H air humidity (%). Mo- initial moisture content (%. dry basis). 
Sources: Misra and Brooker (1980), Li and Morey (1984), 

Banaszek and Siebenmorgen (1993) determined 
the asymptotic equilibrium moisture content and dry
ing constant K for individual kernels of long-grain 
paddy and bulk samples by using the Newton drying 
equation. They found equilibrium moisture content to 
be a function of kernel width, and the drying constant 
to be a function of initial moisture content and the 
ratio of kernel width to thickness. 
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Modelling Moisture Migration in Stored Grains 

G.R. Thorpe* 

Abstract 

Moisture migration in stored grains is caused by warm, moisture-laden air rising towards cooler surfaces of 
a grain store where the relative humidity of the air, hence the moisture content of the grain, increases. The 
natural convection currents that give rise to moisture migration in the store are driven by temperature gra
dients that have components in the horizontal direction. This paper presents the equations that govern heat 
and mass transfer, and buoyancy driven flows, in bulk stored grains. It demonstrates how to formulate the 
governing equations in finite difference form, and how to solve them numerically using a well established 
alternating direction implicit method. The rationale of casting the governing equations in dimensionJess 
form is discussed in some detail. Comprehensive data on grain properties, such as sorption isotherms and 
penncabilities, are presented and these enable the rates of moisture migration in a range of food grain types 
to he calculated. Phenomena such as dry matter loss arising from respiration, and the rate of pesticide decay 
are included in the model. Examples are given of typical methodologies that can be used to ensure that fhe 
predicted grain temperatures and moisture contents are independent of the size of the computational grid. 
Reference is made to fhe modelling of moisture migration in grain bulks that have geometries commonly 
found in practice, and the need for researchers to study the interaction between phenomena fhat occur in a 
bulk of grains and in the air space above is highlighted. 

GRIFFITH (1964) observed that when grains with ini
tiaJ moisture contents between 9 and 11 % (wet basis) 
are stored at temperatures of about 40°C the upper 
surface of the grains becomes caked after 6 months of 
storage. He also observed that in Australia no such 
caking occurred in grains that were stored with initial 
temperatures lower than 15°C, even when the average 
grain moisture content (m.c.) was 14.4% wet basis 
(w.b.). Griffith (1964) attributed this to the fact that 
the temperature gradients in the grain bulk were less 
severe at the lower temperatures, hence the natural 
convection currents were less pronounced and, as a 
consequence, they carried less moisture from warm 
regions of the grain stores to the cooler surfaces. In 
the warm central region of the grain bulk, the vapour 
pressure of water in the intergranu]ar air is high, even 
though the grain moisture content is low. As the air 
approaches the cooler regions, its relative humidity, 
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or water aetivity, increases, thus eausing the grain 
moisture content to increase. 

In some circumstances, grain cakes on the walls of 
silos, and a likely cause for this phenomenon is molec
ular diffusion of moisture, again resulting from temper
ature gradients in the direction normal to a cool 
surface. The grain some distance from the wall is 
warm, hence the water vapour pressure is high, 
whereas close to the wall the vapour pressure is low. 
The vapour pressure gradient gives rise to molecular 
diffusion. Pixton and Griffith (1971) determined that 
the apparent diffusion coefficient of moisture through 
grain is about 10-11 m2is when the mass transfer driv
ing force on the moisture content of the grain. Thorpe 
(1980, 1981) recognised that most of the mass diffu
sion occurs in the intergranular air and he determined 
an empirical value for the tortuosity of a bulk of grain. 
The validity of this approach has been confirmed 
recently by Khankari et at. (1994). This empirical 
determination of the tortuosity has been complemented 
by a theoretical study of moisture diffusion through 
grain carried out by Thorpe et al. (I991a,b) which is 
based on rigorous expressions for mass conservation in 
the intergranular air and the grain kernels. 



Moisture migration arising from natural convection 
currents in two-dimensional systems was initially 
modelled by Nguyen (1987), and subsequently by 
Dona and Stewart (1988), Freer et al. (J 990) and 
Khankari et al. (\ 993a,b). This work was extended to 
two-dimensional systems with arbitrary shapes by 
Singh and Thorpe (\ 993a) and Casada and Young 
(\ 994). A method based on the vector potential for 
quantifying natural convection in three-dimensional 
grain bulks has been presented by Singh et al. (1993a), 
and this was generalised to simulate moisture migra
tion in grain bulks of arbitrary shapes by Singh and 
Thorpe (I 993b). Thorpe (I996a) has refined analyses 
of heat and moisture transfer processes that occur in 
bulk stored grains to include the implications for the 
conservation of mass and energy when the grain 
respires. This analysis has been used to describe phe
nomena associated with both natural and forced con
vection in arbitrarily shaped bulks of respiring grains. 

The objective of this paper is to present a compre
hensive analysis of heat, mass, and momentum trans
fer in bulk stored grains, and to show in some detail 
how the equations can be solved numerically. 

Analysis 

As it is an objective of this work to illustrate in some 
detail how to solve the equations that govern the rate 
of moisture migration in stored grains, we shall con
sider only a two-dimensional system that has a simple 
geometry as shown in Figure I. Singh et al. (1993a) 
have illustrated how this simple approach may be 
extended to grain bulks that are three-dimensional or 
that have arbitrary shapes (Singh and Thorpe 
1993a,b). The basic heat, mass, and momentum bal
ance equations apply to all bulks of grains, regardless 
of their shape or size, and it is only the initial and 
boundary conditions that must be specified to solve 
particular problems. 

L 

H Grain bulk 

Figure 1. A bulk of grain with a simple geometry. 

lOO 

Thermal energy balance 

We shall make use of the thermal energy equation 
presented by Thorpe (1996a), which may be written as: 

Paea{ Ca + Wc, + d;;, }~ + My {ca + w( c, + a;; )} a:, 
h dW dea fW - ,eaPa Tt - PC! Tt 0 h,dW + Pa Va ' VT 

+Pa Va1v( C, + ~~ J' VT = kefjV2T + Qr - h"S, (I) 

The first two terms on the left-hand side of the 
equation represent the rate at which the energy of a 
region of the grain changes as its temperature varies 
with time, and the term dHwidT arises from the fact 
that the integral heat of wetting of grains depends on 
temperature. Although the presence of this latter 
term is strictly necessary, the integral heat of wetting 
is generally difficult to evaluate because it must be 
calculated from sorption isotherms that are deter
mined over a wide range of grain moisture contents 
that includes low values. The third term on the left
hand side of equation (I) accounts for the energy 
that is associated with moisture being adsorbed on or 
desorbed from the grains. For example, if the grains 
are being dried, energy must be added to the grains 
to first remove moisture from the grain substrate to 
which it is bound, and then to vaporise it. When the 
grains are consumed by fungi, the grain substrate 
disappears and as a result the energy associated with 
binding moisture to the disappearing substrate must 
be accounted for. This is accomplished by the fourth 
term in which po(a£a/dt) represents the rate of dis
appearance of the substrate and J'v h dW is the 
energy associated with binding thg rrioisture. The 
fifth and sixth terms on the left-hand side of equa
tion (\) account for the convection of thermal energy 
by dry air and moisture vapour, respectively. The 
first term on the right-hand side of equation (I) gov
erns the rate of heat conduction through the grain 
bulk, the second term is the heat of respiration, and 
the final term on the right-hand side is a correction 
term to the heat of respiration to account for the fact 
that the water liberated is in the form of vapour, and 
not as liquid. 

Boundary conditions 

The temperatures on the exposed surfaces of the 
grain bulk can be prescribed or calculated, usually 
from a thermal energy balance that often involves 
solar radiation (Singh et al. 1993a; Thorpe I 996b). It 
is usual to assume that the floor of the store is ther
mally insulated. Along the exposed surfaces of the 
store, the boundary conditions may be written as: 



T(O.y)- h(Y)=O; O$y$H 

T(L,y)- h(Y)=o; O$y$H 

T(x.H)-13(x}=O; O<x<L 

JT(x.O) =0' Oo<L 
dy , 

(BCI) 

(BC2) 

(BC.!) 

(BC4) 

The functions Ji (y),h(y), and hex) are temperatures 
that depend essentially on an energy balance carried 
out at the outer surfaces of the grain. In this study we 
shall set them as constants, i.e. the surfaces are iso
thermal. 

Moisture balance 

The moisture balance may be written as 

(2) 

which accounts not only for moisture being 
released by respiration but also that arising from 
water being released from the moisture bound to the 
grains substrate that is consumed by the respiration of 
the fungi. 

Boundary conditions 

In the case studied here it is assumed that the outer 
surface of the grain store is impermeable to moisture 
vapour; hence, the boundary conditions may be writ
ten as 

iiw(O,y) =0' O$y$H (BCS) 
dx . 

aw(L,y) 
0; O$y$H (BC6) 

dX 

aw(x,O) =0' O$x$L 
(BC7) 

dx • 

aw(x,HL o' (BC8) 

dx ' 
O$x$l~ 

Momentum balance 

Buoyancy driven flows that occur in bulks of 
stored grains are characterised by intergranular air 
velocities that are sufficiently small that the pressure 
gradient is directly proportional to the velocity gradi
ent and the 'hydrostatic head', This may be expressed 
mathematically as 

(3) 

in which 11 is the viscosity of the intergranular air, K 
is the permeability of the bed of grain and the gravity 
vector is denoted by g. Equation (3) is an expression 
of Darcy's (1856) law, and we might surmise that the 
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permeability of a bulk of grains decreases as the ker
nel size decreases because the resistance to flow is 
lower in beds of larger diameter particles. This is 
borne out by the data on permeabilities given in 
Appendix 2. A small rearrangement of equation (3), 
and expressing the result in component form results in 

u (4) 

v -~(: + POgy) 
(5) 

where Cy is the y-component of the gravity vector. 
Differentiating equation (4) with respect to y and 
equation (5) with respect to x, and forming the differ
ence of the two yields 

iiu dv 
dX 

(6) 

We now make use of Boussinesq's approximation 
that implies that the density of the intergranular air, 
Pa, can be taken as being constant in the mass and 
thermal energy conservation equations, but it varies 
in the momentum transfer equation. In this way we 
can account for buoyancy forces by noting that the 
density of the intergranular air can be approximated 
by the expression 

(7) 

in which (Pa)" is the density of air at some refer
ence temperature To, and f3 is the volumetric coeffi
cient of expansion of air. 

Whitaker (1981) shows that conservation of mass 
is inherent in the definition of the stream function, 1jf, 

and that one can obtain the following important rela
tionships 

u 

and 

V=- d1fl 
iix 

(8) 

(9) 

Differentiating equations 8 and 9 with respect to y 
and x respectively, and inserting the results into equa
tion (6), leads to the equation that governs the behav
iour of the stream function, namely 

;P1fI _ Kgy(Pa )()/3 JT 
ay2 -- Jl dX 

(10) 

Because the containing walls and tloor of the grain 
store are impermeable, the stream function is constant 
along the perimeter of the grain store, and it can be 
arbitrarily assigned a value of zero, the boundary con
ditions can be expressed as 



'I'(O,y)=O; OSySH (BC9) 

'I'(L,y)=O; OSySH (BClO) 

'I'(X.O)=O; OSxSL (BCll) 

'I'(x. 0; OSxSL (Be 12) 

Non-dimensionalisation 

Stored grains technologists are familiar with several 
dimension less quantities such as grain moisture con
tent, which is the ratio of the mass of water in a bulk 
of grains to the total mass of the grains. They are also 
familiar with other dimensionless variables such as 
the germination counts of seeds, head rice yield in 
milling, and so on. 

There are good reasons for stored grains technolo
gists not working in terms of dimensionless tempera
tures, air velocities, times, lengths, and so on. These 
include the fact that stored grains systems are very spe
cit1c entities, such as a particular silo with a given 
height, and specific questions are asked about their per
formance. This contrasts with systems that are often 
studied for academic research in which variables such 
as physical dimensions, thermal conductivities of the 
solid particles and intergranular fluid may vary over 
several orders of magnitude and generality is highly 
prized. In addition, the physical and biological behav
iour of stored grains are highly temperature dependent, 
and the reporting of experimental data must refer to 
actual temperatures as well as dimensionless tempera
tures in essence, insects do not respond to dimen
sionless temperatures. Finally, engineers and 
technologists are familiar with actual temperatures and 
velocities, as opposed to dimensionless quantities 
which may be defined in quite arbitrary manners. 

Notwithstanding these reasons for performing 
computations with real variables, we shall express the 
heat, mass, and momentum equations in terms of 
dimensionless quantities. One reason for this is that it 
enables components of the analysis to be validated 
against published solutions and experiments carried 
out on systems in which there is no mass transfer. 
Having gained confidence that the heat transfer alone 
analysis is correct, it may be incrementally trans
formed to account for mass transfer and respiration. 
In addition, components of the problem may be 
defined in terms of variables, such as dimension less 
temperature, that vary between 0 and I (when respira
tion is negligible) which assists with the detection of 
errors in the solutions. Another advantage of using 
dimensionless variables is that they may be defined 
so that important terms of the governing equations are 
of similar magnitude, and this generally increases the 
efficiency of their solution, as noted by de Vahl Davis 
(1976). Dimensionless quantities are easily reverted 
to physical quantities. 
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Denoting the dimensionless variables with primes, 
we can define dimensionless horizontal and vertical 
components of velocity, thus 

, U 
U=-

u* 
V 

vl=
v* 

(11) 

(12) 

where u* and v* are reference velocities yet to be 
determined. We similarly define the following dimen
sionless variables 

t'=~ (13) 
t* 

x 
Xl=- (14) 

l. 

y'=1.. (15) 
L 

T'= T-T" (16) 
TI-To AT 

where L is the width of the grain store and To and 
TJ are some arbitrarily specified temperatures. The 
difference, 11T, between these two temperatures is 
typically set at a value on the order of magnitude of 
expected changes in the temperature, T. Inserting 
these dimensionless variables into the energy bal
ance, equation (1), results in 

{ aH '} AT dr' P c c +WcI+-'-' --
a a a aT t * at' 

+p c c +w c +_"_v -----LQ.J!..-{ ( 
ah )} AT aT' h c p dW 

a l' a 1 dr t * at' t * dt' 

--'L~fwhsdW+_a_a- u'u"-+v'v*-P .1£ pc D.T( dr' dr') 
1* .11' (J L dX' iJy' 

(17) 

P wAT ( ak, )( dr' dr' J +~ Cl +-' U'U*-+v'v*-
L dr dX' iJy' 

keffAT II a2
T' a2

T') 
=--2- ---+--- +Qr-hySI 

L dX'" iJy,,;. 

Multiplying equation (17) by L21KefflT renders it 
dimensionless with the result 

(18) 



in which we have defined the mass weighted heat 
capacitance, (pcp),as 

(pCI') =Paca{ Ca + WCl + d;;, } 

+Pacy { Ca + w( CJ + i; J} 
(19) 

We might be tempted to define t* as 

(20) 

as this makes the leading term on the left-hand side 
of equation (18) dimensionless. We should note, 
however, that (pcp) depends on the grain moisture 
content which varies considerably from point to point 
in the bed and with time. Instead we choose to define 

(21) 

Since the units of u* and v* are m/s, it follows that 
we can define the characteristic velocities as LI t*, i.e. 

(22) 

Inserting these values into equation (18) results in 

(23) 

Multiplying equation (23) by (Paca)/(Pcp) results in 
the desired dimensionless form of the thermal energy 
balance equation, namely 

(24) 

The moisture balance, equation (23), may be 
expressed as 
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----+- u u -+v v-caPa dW Pa ( * ,Jw *' Jw J 
1* Jt' L dX' (}y' 

= DejjPa (d
2
W + d

2
W]+(1+1.6W)S 

L2 dX,2 (}y,2 1 

(25) 

Substituting the expressions for t*, u*, and v* in 
the moisture conservation equation (equation 25), 
leads to 

(26) 

which may be slightly rearranged into the desired 
form, thus 

(27) 

It remains to express the stream function equation 
in dimensionless terms. We define a dimensionless 
stream function, 1jJ', in terms of a characteristic 
stream function, 1fl*, thus 

(28) 

and from the definition of the stream function we 
observe that 

'* d1f!' dX' * uu =--1f! 
dX' dx 

(29) 

When the definitions of u* and:x' are substituted into 
equation (29) we find that the natural choice of 11'* is 

(30) 

The stream function, equation (10), can now be 
expressed as 

(31) 

which may be rearranged into the form 

(32) 



in which 

(33) 

Ra* is called the modified Rayleigh number (to dis
tinguish from the Rayleigh number associated with 
single-phase nu id now, such as warm air rising in a 
room). From this point, we shall omit the superscript 
primes, " and all the variables should be taken as 
being dimensionless unless otherwise stated. 

Our goal is to solve equations (24), (27), and (32) 
subject to the appropriate initial and boundary condi
tions. This will allow us to calculate how the temper
ature and moisture content fields within the grain 
store vary with time, and this in turn enables us to 
investigate how we can manipulate bulks of stored 
grains to minimise quality losses. 

The numerical solution procedure 

For illustrative purposes we are considering a grain 
store that has a rectangular cross-section. A rectangu
lar mesh can be superimposed on the cross-section 
such that there are m nodes in the x-direction and n
nodcs in the y-direction as shown in Figure 2. As we 
have set the dimensionless width as unity, the height 
is Ar, the aspect ratio, and the node spacings are 

I 
hx =-

m-I 

and 

hy n 

(34) 

(35) 

Using this notation we find that the distances x and 
y are expressed as 

x=(i -l)h" (36) 

and 

y=(j-I)hy (37) 

If the integration time step is ht, the elapsed time, t, 
from the start of the solution is (p-] )h t. 

The temperatures at the mesh points are denoted 
by TP., where i and j are the space coordinates and p 
repreJe~ts the pth time step from the start of the solu
tion. In order to avoid a plethora of subscripts and 
superscripts we shall, like de Vahl Davis (1976), let i, 
j, and p be default values. This allows us to write 

Tt!,')· as T T!J+I as TI?+I t.)+1 . J+l T/'..I,i as Ti-l 

and soon. 
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We are now in a position to define finite difference 
approximations of derivatives. Time derivatives are 
written as forward differences, so at the (iJ)th node, 
the derivative of temperature with respect to time at 
the plh time step is approximated by 

(38) 

Spatial derivatives are approximated by central dif
ferences, hence we have, for example, 

aT 
dx 

and 

a2T _ Ti+I-2T+Ti_1 

h; 

(39) 

(40) 

We now substitute the finite difference forms of 
the derivatives, such as those defined by equations 
(38), (39), and (40) into the heat, mass, and momen
tum balances and we solve them using the Peaceman
Rachford (I955) alternating direction implicit (ADI) 
method, described in detail in the following section. 
The method enables the temperatures, moisture con
tents, air velocities, and so on to be calculated at the 
end of each time step, and the method involves the 
solution of simultaneous linear equations. A very 
simple method for doing this has been described by 
Carnahan et al. (1969) and Thomas (1949) and the 
method is detailed in Appendix 1. 

II.n m.n 

i,j+1 

ioU 1.l i+lj 

ij-l 

Iv 
m.l 

Figure 2. The finite difference mesh used to discrelise the 
governing equations. 



Solution of the therma] energy equation 

The thennal energy equation may be written in the 
form 

(41) 

in which 

and in which we have written the discretised domi
nant convective tenn with the tpi multiplier in the con
servative fonn; that is, we have discretised CX,uT)lOx, 
for example, as opposed to u(drIOx) (sce Roache 
1972). We shall solve the discretised form of this equa
tion (41) by the Peaceman-Rachford (1955) method 
which treats the problem as being implicit in the direc
tion of one coordinate, the x-coordinate say, during 
half of a time increment. The integration in the orthog
onal direction, the y-coordinate, is carried out explic
itly. During the second half of the time step the y
components of gradients and laplacians are advanced 
implicitly, whilst the x-components are treated explic
itly. An example will illustrate the method. 

Implicit in the x-direction 

We let 1'* represent the notional values of the tem
perature after the first half time step, in which case 
the discretised form of the thennal energy balance 
equation for the internal mesh points is 
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Collecting tenns results in 

(43) 

The important thing to note about equation (43) is 
that all of the unknowns are on the left-hand side of 
the equation, and the right-hand side contains only 
temperatures that are known (because they are those 
that occurred at the start of the time step). Equation 
(43) can be written in a more compact form by defin
ing the following variables 

Cl =211't 

ctpl = tpi /2hr 

CI/)2 = II'd / hI; 
ctp3 = Cl + 2ctp2 

c'1'4 = tpi /2hy 

crI'S II'd / h~ 

Ctp6 = C( 2 Ctl'5 

Ctl'7 = Cl + 2etps 

0"1'8 = Cl 2etl}1 

('tml = tmx 12hx 

ctm2 = Imy /2hy 

which enables the discretised equation to be written 
as 

(-CtI'IU;_1 clp2 - elmJ )Ti~1 + (iI'3T * 

+( ClfJlui+1 c1p2 + eUnl 

= (('tP4 V)-1 +Ctps)Tj - J +CIP6T 

+( -Clp4Vj+J + etp5 )Tj+1 + t; + Ir 

(44) 

Now at the start of the first time step, the values of 
all the multipliers, (pi' tmx' (my and so on can be calcu
lated because the initial values of the temperatures, T, 
and grain moisture contents, W, have been declared. 
We must therefore calculate the values of 1'* at the 
interior mesh points. This is done by incrementing j 
from 2 to j-I, and for each value of j we have a system 
of (m-2) linear equations written thus 

(45) 

in which 



aj_1 =-CtpIUj-I-Ctp2 -ctml 

bj_1 =Ctp3 

Cj-I = Ctl)IUI+1 - Ctp2 + ctml 

di-I = (CtP4Vj-l +C1PS)rj-1 +C1P6r 

+(-CtP4Vj+1 +ctp5 )ri+1 +tt +t, 

for which i 2,3,4, .... , m, m-I. 
We note that when i = 2 the first equation becomes 

(46) 

and when i (m-I) we have 

(47) 

in which TJ and T m are the values of the tempera
ture on the boundaries of the store at the start of the 
pth time step. The values of these boundary tempera
tures are known, or they can be calculated from inte
rior nodes. The algorithm is encoded in FORTRAN, 
and listed in 3. 

mmJ"'lll-l 
mnl""tt .. l 
_2 
... 1 y.2.,am! 
do2p2,mml 

o(;'l)-otp 1*u(;'IJ)-otp2-ctm1(lJ) 
b(;'I)-otp3 
«i-I)-otp l'u(I+ ljrotp2+<tml(iJ) 
d(;-I F( ctp4'vf1j-1)< ctpS)'told(lj-l )''''P6'told(ij) 
I +(~ctp4t.v(i.j+l)+ctp5)·totd(iJ-t I) 
2 -ctm2(ijl'(lold(ij+lrlold(i,i-l»)+t~ij)+tI(ij) 
it(i"l.2) d(1~lro(l)'lold(IJ) 

2 it(i"l.mml) d(mm2F'd(mru2rc(mru2)"told(mj) 

At this paiDl wc bave computed the coefficients in the tridiagonal system 
of equations that govern the temperatures.. thaJf{iJ). that obtaiIJ at the t.md. 

• ofanotionallWftimeSlep. 

can thom.u(r:um2) 
d03 i=2,mml 
jj=i-j 

3 thol1(iJFxx(jj) 
1 OOfttiaue 

Figure 3. The Peaceman-Rachford alternating direction 
implicit method encoded in FORTRAN for the 
step that is implicit in the x-direction. 

It will be noted that the coefficients ctp I, ctp2, 
ctp3, etc. are functions of temperature and grain 
moisture content and they are computed for each of 
the interior mesh points in subroutine conslte. The 
initial temperature at the start of the time step is des
ignated as told(i,j) because at the start of the integra
tion time step they are 'old' temperatures, as opposed 
to the new, updated temperatures that occur at the end 
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of the time step. Having calculated the coefficients, 
the tridiagonal system of m-2 (mm) equations is 
solved by subroutine thomas to yield the temperatures 
1'* (thalf(i,j) in the program) at the end of the notional 
half time step. 

As we noted when defining the boundary condi
tions. the temperatures on the side of the store are pre
scribed at each time step, Le. TJ and Tm are known at 
the start (and also at the end) of the time step because 
we have specified what they are. They could be set at 
the same temperature as the temperature of the ambi
ent air around the grain store, but more generally we 
have to account for effects such as solar radiation. 

Implicit in the y-direction 

The next step is to solve the discretised thermal 
energy equation implicitly in the y-direction to obtain 
the updated values of the temperatures, 1'**, at the 
end of the integration time step, whilst the values, 1'*, 
obtained at the end of the half time step are treated 
explicitly. This is clarified by 

(48) 

Again this equation can be simplified by collecting 
terms in the unknowns on the left-hand side, and the 
known values on the right-hand side, thus 

(-CtP4Vj-1 ~Cpt5 -Ctm2 )rj:1 

+( ctp4V j+l - ctps - Ctm2 )rj:l 

= (CtPIUi-1 +Ctp2)rl- l +CtpsT* 

+( -ctplui+1 + c1p2 )r;+1 + I, + If 

(49) 

In this case we have (n-2) linear equations for each 
of the (m-2) interior columns which are readily 
solved for 1'**, which of course are the required 
updated temperatures, TP+ I, at the end of the integra
tion time step. This algorithm is encoded in FOR
TRAN as shown in Figure 4. 

In this element of the program n-2 (nm2) equations 
are solved for each of the (m-2) interior columns of 
interior nodes. In this case we have designated the 
updated temperatures ]1'+1 or T** as tnew(i,j). 



Although not shown in the excerpts of computer code 
we next set told(i,j) to tnew(i,j), i.e. the 'new', or 
updated, temperatures become the 'old', or initial, 
temperatures at the start of the next iteration. 

nm2=n-2 

Implicit in y-direction 

do " i=2,DlIIlI 
do 5 j~2,nml 
a(j- I )~ctp4*v(ij-1 }-ctp5-otm2(ij) 
b(j-I )=ctp 7 
<{i-I Fctp4 *v(ij+ I )-ctpS+ctm2(ij) 
d(j-IF{ctp I *u(i-Ij)+ctp2)*1hal1(i-Ij)+ctpS*thalll:ij) 
I <i-ctp I *u(i+ Ij)+ctp2)*1hal1(i+ Ij)+add(iJ) 
2 -ctml(ij)*(thalll:i+ IJ)-thaIJl:i-lj»)+resheat(ij) 
i/(j.eq.nml) d(j-I )=d(j-I )-<{i-I )*1hal1(i,n) 
i/(j.eq.2) d(IFd(l)-a(I)*thalll:i,l) 

.5 continue 
call thomas(nm2) 
do6j=2,nml 
jj=j-l 

6 tnew(iJFxxGi) 
4ocmmu~. ______________________________ ~ 

Figure 4. The second half time step in the Peaceman
Rachford alternating direction implicit method 
encoded in FORTRAN when implicit in the y
direction. 

Time step 

As an approximate guide, the time step to guaran
tee stability of numerical solutions is proportional to 
the square of the internodal distance, h2 and hJ. 
We define the minimum of these values ifs dmin and 
since we wish to choose time steps that correspond to 
times that are multiples of 3600 seconds (one hour), 
say, we define using FORTRAN notation 

dtreal = stabr * d min* *2 * 1. 44E8 (SO) 

We note that when stabr = 0.25 and dmin = 0.1, for 
example, dtreal is 360000 seconds or 100 hours. By 
making use of the definition of dimensionless time, 
equation (21), the dimensionless time step, ht, is writ
ten as 

(51) 

Temperature boundary conditions 

The numerical method described above is used to 
determine the temperatures at the (m-2) x (n-2) inter
nal nodes of the grain store, and we either impose 
temperatures at the surface, or if a surface is adiabatic 
(perfectly thermally insulated) we estimate the suc-
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face temperatures from temperatures of the interior 
nodes. When the surface is adiabatic, i.e. there is no 
heat flow, q, through the surface, this condition is rep
resented by 

(52) 

In the case studied here, the floor is thernlally insu
lated and we estimate the temperatures on the floor of 
the store by extrapolating from the known tempera
tures of the interior nodes. A second-order forward 
differences approximation of the temperature gradi
ent is 

aT 
- = --'-----"--"'-ay (53) 

At an adiabatic surface, ilTldy=O, hence we are 
able to find the surface temperature T/ from the inte
rior values Tz and T3 by the expression 

(54) 

This is programmed as follows: 

\ : Floor at y=O is adiabatic 

I' do 2 i=t,m 

2 tJlew(i, 1)=(4. O*tnew(i,2)-tJlew(i,3»)I3. 0 

Solution of the stream funetion equation 

Having advanced the temperature field through one 
time step, we have effectively set up temperature gra
dients within the grain bulk. Hence, we are now in a 
position to evaluate the stream function from equa
tion (32). Our approach to solving this elliptic partial 
differential equation is to introduce a false transient 
term so that the equation is transformed into parabolic 
form, i.e. we may write 

(55) 

where ~ is a multiplier with an arbitrary value deter
mined by numerical experiment. After each real time 
step in which the temperatures, T, are advanced, equa
tion (55) is solved until a steady state has been 
approached, in which case it closely approximates equa-



tion (32). At this point the components of the air veloc
ity in the grain bulk can be obtained from equations (8) 
and (9). When equation (55) is discretised, and we 
express it implicitly in the x-direction, it takes the form 

(56) 

which may be expressed more compactly 

-CpI1/l~_1 + (1)21/1 * -Cpl1/1;+1 

=Cp31/1j-l + Cp41/1 + CI'3 vrj+ I +Cp7(Ti+l Ti-d 
(57) 

This equation is solved for 1fI* for each of the inte
rior points. For this we set j to 2,3,4, ....• m-l , and for 
each value of j we are able to make use of the Thomas 
(1949) algorithm to solve equation (56) for 1fI*2j> 

1fI* 3J' 1fI* 4J' 1fI* 5J, .. ·· .. ·, 1fI* m-2J' 1fI* m-I J' The bound
ary val ues of the stream function, i.e. 1fI* 1 J' 1fI* mJ. 
1fI* i./' and 1fI* i,m are all set to zero. 

Having determined the values of 1fI* at the end of 
the half time step, the values 1fI** of the stream func
tion at the end of the time step are determined by 
means of the equation 

(58) 

which may be rearranged and expressed compactly as 

-Cp31/1j-1 + cpsVr ** Cp3vrj:l 

= cpl1/17-1 +cp6vr * +CpI1/l;+1 + cp7(Ti+1 - Ti-tl 
(59) 

where, for conformity with the nomenclature of de 
Vahl Davis (1976), we have defined the coefficients 
as 

Cpl=aplh.~ 
Cp2 =Cl + 2cp l 

cp3 ~~ ap I h; 

c,>4 = Cl 2e 1'3 

Cl'S = CJ + 2Cp3 

cp6 = CJ - 2c,,1 

cp7 = ap /2hx 

As noted above, we wish the false transient equa
tion (55) to approach the steady state, hence during 
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each time step we advance the equation through suc
cessive integration steps, a,Jlt , until some criterion 
such as 

j~n-I 

i~rlivrp+1 vrpi< vrerr 
i=2 
j=2 

(60) 

is satisfied, in which lfIerr is some predetermined 
maximum permissible error. The velocity field is 
determined more accurately as lfIerr is made smaller. 

For completeness. we indicate that algorithm used 
to solve the stream function is programmed as 
detailed in Figure 5. 

G This outer loop iterates the sueam function equation 
c to the steady state. 

do JOO n=1.50 

do I j~2,nml 
do2i~2,mm1 

a(~ l)=-<:p 1 
b(i·l)--epl 
c(i-I)---epl 
d(i-' )""Jl3 'phiold(iJ-l)+q>4'phiold(ij) 
1 +epJ'phiold(ij+ 1)+q>7'(tnew(i+ Ij}tne\\(;'lJ) 

il{ie<j.2) d(1)-<!(1}a(I)'phlQId(lj) 
2 il{Le<j.mml) d(mml)-<!(mm2)-c(mm2)'phiold(mj) 

call thomas(mm2) 
do 3 i~2,mml 
jj=i-I 

3 phihall(ij)--xx(jj) 
1 continue 

implicit ia y-direction 

do4i=2,mml 
do ~j""2.nml 
iarg=}l 
a(iarg)---cpJ 
b(iarSFcpS 
C(iar&)---cp3 
d(iar&FCP l'philW!(' .. IJ}+ep6"phi1a11{i,j) 
I +ep1·phiball\'l+IJrtcp7'(tnew(i+ljrtnew(i·IJll 

iffj.eq.2) d(l)--d( 1 }a(I)'phlhalJ(i, I) 
5 iffj.e<j.nml) d(iarg}9l(iarg}c(iarg)'pbihall\'i,n) 
.,.u thomas(nm2) 
do6j~2_1 

jj+1 
6 phine\\(i,j}9<xijj) 
400ntmue 

c Here we check if the stream function is approaching 
c a steady state. 

do llOi=l.m 
do 110j~l .. 
SQIIFsum+ab«phiold(i,j}phin""lj)} 
phiold(i,j)-Phine\\(ij) 

110 phihaltlij)-phinew(ij) 
i~$UDLh.phierr) goto 120 

100 continue 
120 coat:icue 

Figure 5. The Peaceman-Rachford AD! algorithm used to 
solve the stream function equation to the 
steady-state. 



The outer do loop with the counter ii and terminat
ing on statement' lOO continue' is the iterative loop 
invoked to drive the stream function towards a steady 
state, i.e. the inequality 60 is satisfied in which we 
have denoted 1JIerr in the program by phierr. The 
value of the stream function, 1JI, at the start of the inte
gration time step is designated in the program as phi
old. 1JI* is designated as phihalf, and 1JI** is 
designated as phinew. 

The horizontal and vertical components of the 
velocities. u and v, are calculated from the stream 
function as indicated in equations (8) and (9) which 
are discretised to yield 

u = 'l'j+1 - 'l'j-I 

2hy 

and 

v 1/f;+I-1/f;-1 

2hx 

Determination of the intergranular moisture 
content 

(61) 

(62) 

Before updating the grain moisture contents at each 
point in the bed of grain it is necessary to calculate 
the moisture content of the intergranular air at the 
new temperature. Now, the vapour pressure, PV' of the 
water in the intergranular air is given as 

(63) 

in which the relative humidity, r, of the intergranu
lar air is given by an expression presented by Hunter 
(1987), thus 

(64) 

Ps is the saturated vapour pressure of which may be 
obtained from Hunter's (1987) equation 

6 x 1025 
Ps = -,----........ -..". 

(T + 273. 
(65) 

and Po is an empirical constant that depends on the 
grain type being considered. The latent heat of vapor
isation, hv, in the range of interest may be taken to 
depend linearly on the temperature, T, of the grain 
thus 

hv = 2502, 39 - 2.3768T (66) 
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As noted above, hs, is the differential heat of sorp
tion of moisture on grains which has been fitted by 
Hunter (1987) to the following empirical function of 
grain moisture content, W 

hs -1- cw lRn(cw2W)-(W /Wor5Cw3(n(cW4W) 

hv - 1-(W /w"fw5 
(67) 

in which 

(68) 

Equations (63) to (68) enable us to caleulate the 
dependency of the moisture content, W, of the inter
granular air on the temperature, T, and moisture con
tent, W, of the grains by means of the expression 

W= 0,622pv 
p- Pv 

(69) 

in which P is atmospheric pressure, and the con
stant 0.622 is the ratio of the molecular weights of 
water and air. 

Updating the grain moisture content at the 
interior nodes 

Before we are able to solve the moisture conserva
tion equation (equation 27) we are required to use 
equation (69) to determine the humidity of the inter
granular air as a function of grain moisture content 
and temperature. The moisture content of the grain 
changes very slowly, and it has been found that it may 
be updated using a simple explicit method, Hence, at 
each interior node we have 

CaPa 

(I + 1.6WP )L2PacaS' 

keft'caPa 

(70) 

and the grain moisture contents are thus updated 
from WP at the pth time step to Wp+l one time step 
later. 



Moisture contents at the periphery of the grain 
bulk 

At the boundaries of the grain store the temperature 
and humidity of the intergranular air have been deter
mined by the foregoing analysis. The grain moisture 
content at the boundaries is therefore a dependent 
variable, and it must be expressed as a function of the 
moisture content and temperature of the intergranular 
air. Hunter (1987) has given the approximate rever
sion formula for equation (67), thus 

I L'wl) 
W=~~--------~~ __ ~-------- (71) 

in which we have written h for hi hv-I, mf is an 
empirical parameter and h() is the intercept of the two 
exponential terms in equation and it is given by 

(72) 

Whilst use of the reversion formula, equation 
(71), is mathematically consistent, its use can give 
rise to a practical numerical difficulty. This occurs 
particularly during the initial stages of the simula
tion when the temperature gradients close to the wall 
are very steep, whilst the air humidity gradient is 
computed to be very shallow. In the case in which 
the walls of the grain store are cooled, the result of 
these phenomena is a prediction of very high grain 
moisture contents at the cool surfaces. In this situa
tion the reversion formula may exceed its range, and 
a numerical overflow may result. Fortunately, 
peripheral values of the grain moisture content are 
not strongly involved in the computations if the 
humidity of the air is extrapolated to the boundaries 
by means of the analogue of equation (54) in which 
temperature, T, is replaced by humidity, w. As an 
expediency, the grain moisture contents at the 
boundaries may be estimated by means of linear 
extrapolation of the interior values. Since we have 
chosen to work with grid points that are uniformly 
spaced the boundary moisture contents are found 
from an equation of the form 

(73) 

Whilst this is a pragmatically reasonable proee
dure, it should be borne in mind that the grain mois
ture content at the boundaries has been over specified, 
i.e. we have set the boundary temperatures, moisture 
content, and intergranular humidities independently, 
whereas they are of course related by means of equa
tions (65) and (67). 
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EtTects of respiration 

When grains are stored damp, such that the relative 
humidity of the intergranular air is greater than about 
70%, the respiration of moulds results in the produc
tion of heat and moisture. Because grain is a good 
thermal insulator, the rate of heat production may be 
so great that hot spots form because the heat cannot 
escape fast enough. Whcn this happens, the grain can 
be ruined within a day or so. Even under less cata
strophic conditions, the loss of dry matter resulting 
from respiration is nonetheless associated with a 
reduction in quality indices, and the possible develop
ment of mycotoxins. 

Respiration may be regarded as the complete 
combustion of carbohydrates to form carbon dioxide 
and water, along with the liberation of heat. The oxi
dation of 1 kg of the grain substrate liberates 15 778 
kJ of heat, and forms 1.47 kg of carbon dioxide and 
0.6 kg of water. Several workers (Thompson ) 972; 
Seib et al. 1980; Lacey et a1. 1994) have quantified 
the factors that affect the rate of respiration, and in 
this work we make use of Thompson's (1972) work 
on the respiration of maize. He has determined that 
the dry matter loss is time dependent, and after a 
time t seconds the fractional loss, dm. of dry matter 
is given by 

dm = 8.83 x lO-4( exp(l. 667 x 10-6 x t )-1) 

+2.833 x 10-9 t 

(74) 

Equation (74) applies to shelled maize at ) 5.5°C and 
25% m.c. (w.b.) with 30% damage. Because the tem
perature and moisture content of the grains vary with 
location in the grain store it is necessary to map the 
value of the real time, t, into some physiologieal time, 
tp Real time and physiological time are related by 

(75) 

in which MM and MT modify the elapsed time, or 
'life' of the grains depending on their moisture con
tent and temperature. Converting Thompson's (1972) 
expression to SI Units results in the following: 

(a) Temperature modifier 

When T:::; 15.5°C or M:::; 19% 

MT = 32.2exp( -O.1044T -1.856) 

When T > 15.5°C and 19 < M < 28% 

MT 32. 2exp( -O.I044T -1.856) 

+{ (M 19)1100 }exp(O.0183T - O. 2847) 

(76) 

(77) 



When T> 15.5°C and M> 28% 

MT = 32. 2exp( -{).1044 T - 1.856) 

tD.0gexp( O.OI83T - 0.2847) 

(b) Moisture modifier 

(78) 

The moisture modifier, Mm, is given by the 
expression: 

MM = 0.103( exp( 4551 Mhll )-O.OO845MDB + 1.558) (79) 

in which MDB is the grain moisture content, % dry 
basis. 

Equations (74) to (79) are used to calculate the dry 
matter loss, dm, after the physiological time, fp' by 
means of the expression 

from which it is readily determined that the rate of 
dry matter loss is given by 

d:~ 14.72 x 10-10 {exp(1.667x 10-<\, )-I} 
+2.833 x 10-9 1 (MMMT ) 

The rate of pesticide decay 

(81) 

The rates at which contact pesticides decay when 
applied to stored grains are strongly dependent on 
temperature and the relative humidity of the inter
granular air. Desmarchelier and Bengston (1979) 
have elucidated the chemical kinetics of pesticide 
decay, and found them to be pseudo first-order, thus 

ac -krC (82) 

where C is the concentration of the pesticide on the 
grains, kr is a reaction rate constant, and r is the frac
tional relative humidity of the intergranular air. When 
the relative humidity of the intergranular air is 0.5, 
the hal f-life, t 1/2, of a typical pesticide at a tempera
ture T is given by Desmarchelier and Bengston 
(1979) as 

(83) 

where t* 112 is the half-life at 30°C and B is a 
parameter that depcnds on the pesticide being consid
ered. Values of t* 112 and B for eleven pesticides are 
listed in Table A2.3. After a little manipulation of 
equations (82) and (83) it is readily shown that the 
concentration, CP+ I, of the pesticide at the (p+ I )th 
integration step is given by 

III 

[ 
( " ) J B T -30 • 

C/HI '" Cl' exp -1. 386r l'hr x lO 11112 (84) 

The approximation sign has been introduced 
because the kinetics of pesticide decay have been cal
culated using the values of rand T that occur at the 
beginning of the time step, as indicated by the super
script p. Provided that hI is sufficiently small, the 
error is negligible. 

Results 

The results of the simulations should be independent 
of the grid spacings, hx and hy, and the time step, hI' 
used in the solution of the heat, moisture, and 
momentum equations. Phenomena that occur within 
the grain bulk are of course completely independent 
of such considerations. However, as a general rule, as 
the grid spacings and time steps are made smaller the 
errors resulting from discretisation of the governing 
equations become smaller. and the original continu
ous equations are approached. We should therefore 
perform numerical experiments to investigate the 
convergence of the simulations. In the case consid
ered here we have used mesh sizes of 0.1, 0.05, and 
0.025, and 2000 hours of real time were simulated. 
When the mesh size is reduced, the time steps should 
be reduced to ensure that the solutions do not become 
numerically unstable. This is accounted for by equa
tion (50), and in this case we further set stabr to 0.25, 
0.125, and 0.0625 when the mesh sizes were 0.1, 
0.05, and 0.025, respectively. When m=n= 1I and 
stabr = 0.25, the total number of iterations is 20, 
whereas when m=n=41 and stabr 0.0625, the total 
number of iterations is 1240. It should be noted that 
the solutions presented here are of the heat and mois
ture transfer equations, equations (I) and (2) respec
tively, but without the terms iJH,/iJr 
and Pa{ dea I dt )t hsdW , the existence of which has 
been discerned 5y the author since the numerical 
computations were concluded. The equations that are 
solved are those presented by Singh and Thorpe 
(1993a). 

The work simulates the transient response of the 
various fields, hence it is important that the false tran
sient stream function equation is iterated to a steady 
state during each true time step, hI' In this way we are 
able to calculate the velocity of the inlergranular air 
after each time step. We must therefore select. by trial 
and error, values of 1!Ierr that render the solution inde
pendent of the error criterion. This is ill ustrated in 
Table I which shows the influence of 1!Ierr on mid
point values of the grain temperature, moisture con
tent, and pesticide concentration after simulating 
2000 hours of storage when hx = hy = 0.05 and stabr = 

0.25. In the numerical experiments described in this 



work, the initial grain temperature is set at 30°C and 
the temperatures of the upper surface and the two ver
tical walls are set at 20°e. The initial moisture con
tent of the grains is set at 18% dry basis, and it is on 
this basis that all the moisture contents are reported. 

Table 1. Values of T(II,II), W(II,I i) and C(lI,II) for 
values of 1I'err = 5.0 X 10-2• :i.0 x 10. 3 and 5.0 x 
10-4• 

T(ll.1l) 

W(I!,ll) 

C(ll.ll) 

5.0X 

0.70365 

0.17909 

0.41706 

0.17909 

0.41705 

0.17909 

0.41705 

It can be seen that 1/Ierr 5.0 x 1 rr3 is a satisfac-
tory choice. A further check showed that convergence 
with respect to 1/Ierr was obtained when ~3 = hy = 0.1 
and stabr = 0.0625 when 1/Ierr = 5.0 x 10 . 

Results of the numerical experiments are summa
rised in Table 2 which shows the mid-point values of 
the quantities of interest to stored grains technolo
gists. They are the grain temperature and moisture 
content, the dry matter loss, and the concentration of 
fenitrothion (C = I when t = 0). 

The Richardson extrapolation (see de Vahl Davis 
1986) was used to estimate the variables as hx -j 0 
and hv -j 0 and the results are shown in Table 3. 

Spatial distributions 

The fields of the key variables. Le. temperature, grain 
moisture content, pesticide concentration, and so on, 
are examined after simulating 2000 hours of storage. 

Figure 6 shows the stream function which, as would 
be expected in this example, is symmetrical about the 
centre line of the grain bulk. The air velocity within 
the grain bulk is tangent to the streamlines, i.e. those 
lines along which the stream function is constant, and 
Figure 6 therefore gives us a qualitative picture of the 
velocity distributions. For example, near the mid
points of the vertieal walls the horizontal component 
of the velocity is low, whereas the vertical component 
is relatively large because the stream lines are close 
together. From equations (8) and (9) we note that u 
iJ1{I!dy and v = -iJ1{I!ax, and it can be seen that in the 
top left of Figure 6 iAyldy is negative, hence we 
would expect the horizontal component or the veloc
ity to be negative in this region. Indeed it is, as the 
intergranular air near the upper surface of the grains 
flows from the central region to the left-hand wall. In 
the vicinity of the left-hand wall iAyldy is positive, 
hence the vertical component of the velocity is nega
tive. and the air flows down the inside of the wall, 
exactly as would be expected. 

Equations 8 and 9 are readily exploited to yield 
quantitative infomlation on the now, as indicated in 
Figures 7 and 8 whieh clearly conform to our qualita
tive predictions. It is significant to note that the veloc
ity of the air is predicted to be non-zero at the 
boundaries of the stores, which differs from the typi
cal no-slip boundary condition that applies to single
phase fluids such as air flowing adjacent to the roof of 
a grain silo. The reason for the slip boundary condi
tion is that we are not in actual fact considering the 
very complicated flow of the air around individual 
grains, but the average velocity in some small region 
of the grain bulk. Even at the walls, the average 
velocity of the air in a region of grain close to the wall 
is different from zero. 

Table 2. Effect of the number of nodes and stabr on convergence. 

Mesh Mid-point values stabr 

0.25 0.125 0.0625 

II X 11 T(6,6) 0.75399 0.73762 0.73132 

W(6.6) 0.17945 0.17932 0.17927 

C(6,6) 0.41255 0.41493 0.41617 

dm(6,6) 0.98068E-2 0.95819E-2 0.94642E-2 

21 X21 T(II,II) 0.70364 0.69963 0.69775 

WOI,II) 0.17909 0.17906 0.17904 

C(1I,1l) 0.41800 0.41800 0.41847 

dm(ll,1l ) 0.931 86E·2 0.93 I 86E-2 0.92779E-2 

41 x 41 T(21,21) 0.6891 0.68536 0.68458 

W(21,21) 0.17898 0.17896 0.17896 

C(2 \,2 I) 0.41922 0.41955 0.41971 

dm(21,21) 0.92279E-2 0.92016E-2 0.91 885E-2 
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Figure 6. The stream function field. 

Figure 7. Horizontal component of velocity. 
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Figure 8. Vertical component of velocity. 

Table 3. Values of variables at the mid-point of the store 
determined by the Richardson extrapolation. 

Temperature, T 

Moisture content, W 

Pesticide concentration, C 

Dry matter loss, dm 

0.680 

0.179 

0.420 

0.9l6E-2 

The t~mperature distribution, shown in Figure 9, 
reflects In part the air flow field, in that the maximum 
temperature is displaced somewhat above the centre 
of the grain bulk. This is because heat is convected 
vertically upward by the flowing air stream. 

The grain moisture distribution (Fig. 10) also reflects 
the effects of the flow field and the temperature field. 
We see, for example, that as air rises from the warm 
central region of the bulk to the upper surface the grain 
moisture content increa!;es. We also see that the grain at 
the periphery of the bulk assumes a high moisture con
tent. The peripheral grain moisture contents are calcu
lated by linear extrapolation of the internal values as 
given by equation (73). Values of the grain moisture 
contents at the mid-points of the vertical sides and hori
zontal top of the store are given in Table 4. 

3 

2 
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It can be seen that the moisture content at the edges 
does not appear to converge when linear extrapola
tion is used. However, it should be observed that very 
small changes in the predicted moisture contents of 
the intergranular air give rise to very large changes in 
grain moisture content. When the reversion fo~ula is 
used to calculate the peripheral moisture contents, the 
results are somewhat different but they appear to con
verge as shown in Table 5. 

One method of ensuring that the peripheral values 
of the moisture contents are found more accurately is 
to make use of a non-uniform mesh, and to ensure 
that the grid points are very closely spaced near the 
boundaries. When a variable mesh size is used it must 
be realised that the discretisation of the spatial deriva
tives, such as those illustrated by equations (39) and 
(40), must be expressed in a different form as 
described by Thorpe (1996b). 

Figures 1I and 12 show that the rates of pesticide 
decay and dry matter loss are the highest where the 
grain temperature is highest. 



Figure 9. Temperature distribution in the bulk of grain. 

Figure 10. Moisture distribution in the grain. 
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Figure 11. Normalised concentration of fenitrothion 

Figure 12. The distribution of dry matter loss. 
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Table 4. Mid-point peripheral values of grain moisture 
content, W. estimated by linear extrapolation. 

Mid-point values of W 

Vertical sides Horizontal top 

11, hy-O.I 0.1819 0.1827 

hx - hy-0.05 0.1838 0.1838 

-0.025 0.1866 0.1877 

Table 5. Mid-point peripheral values of grain moisture 
content, W, calculated by the reversion formula, 
equation 71 . 

hx hy =0.1 

hx = hy-O.05 

-0.025 

Mid-point values of W 

Vertical sides 

0.2338 

0.2046 

0.2057 

Horizontal top 

0.3011 

0.2285 

0.2087 

Contemporary developments 

The main purpose of this work is to illustrate the basic 
tools required to model moisture migration in bulks of 
respiring food grains. As a result, the geometry and 
boundary conditions have been kept very simple. In 
reality, grain bulks are three-dimensional entities, such 
as those found in circular silos or rectangular grain 
storage sheds. The stream function approach used in 
this paper cannot be applied directly to three-dimen
sional systems, but an analogous approach based on 
the vector potential may be used as outlined by Singh 
et al. (I 993a) and Singh and Thorpe (1993b). 

In the simple system treated in this paper the nodes 
at the boundary coincided with the physical boundary, 
and the mcsh remain orthogonal; that is, the grid lines 
in the x and y directions remain at right angles to each 
other. This is not generally the case, but one way of 
approaching this problem is to retain an orthogonal 
mesh. and special treatment to the boundary con
ditions. Camahan et al. (1969) describe in some detail 
how this is accomplished. A second approach is that 
adopted by Singh and Thorpe (l993a,b) and Thorpe 
( 1996b) in which the boundary nodes coincide with 
the physical periphery of the grain bulk, and a mathe
matical technique is used to transform the nonorthogo
nal mesh into one that is orthogonal. This method is 
effective in systems in which the grain rests against 
retaining walls on all sides of the grain bulk, as often 
occurs in grain storage sheds, and in some bunkers. It 
has also been used with some success by Thorpe 
(I 996b) to simulate heat and moisture transfer in hop
per bottomed grain silos. However. the method breaks 
down when there is no retaining wall, as occurs in the 
case when grain is simply heaped on the floor. 
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There is still a need to simulate the interaction of a 
grain bulk and the air space above it. This is impor
tant when fumigant is liberated in the headspace, 
say, where is likely to be mixed by turbulent buoy
ancy driven flows and then enter the grain bulk. 
Questions arise concerning the rale at which the 
fumigant enters the grain, and the distribution of the 
fumigant in the grains. Similar questions concerning 
moisture migration in grain stores containing a 
headspace also arise. To date, this problem has not 
been approached by stored grains technologists, 
although the generic problem of the interaction of 
heat and buoyancy driven fluid flows between a 
fluid layer and a porous medium has been addressed, 
mainly in the heat ancl mass transfer literature. Fur
thermore, these have generally been restricted to 
laminar flows. Two-dimensional systems have been 
studied by Singh et al. (1994) and Singh and Thorpe 
(1995), and the three- dimensional analogue has 
been investigated by Singh et aJ. (1993b). It is clear 
that there is a need to carry out both theoretical and 
applied studies on the interaction of phenomena that 
occur in the headspace and in the grain bulk. 

Conclusions 

This paper has presented equations that govern heat 
and moisture transfer in bulk stored grains, and a 
method of calculating the air flows that result from 
temperature gradients is described. The governing 
equations are expressed in dimensionless form and 
discretised on a uniform finite difference mesh. The 
discretised equations are solved by an established 
alternating direction impliCit method which is 
described in detail. Procedures required to test the 
convergence of the solution are outlined, and the 
stream function. velocity, temperature, moisture con
tent, pesticide concentration, and dry matter loss 
fields are presented. It is noted that slightly different 
approaches are required when grain bulks assume 
arbitrary shapes, and it is pointed out that the interac
tion of the air space above the grain and the bulk 
remains an outstanding problem. 
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aifbi,Ci4j; 

Ar 
B 

C 

C 

Cl 

Ca 

C'P I' Ctp2' Ctp3•··· 
Cpl ' Cp2' C p3 ... · 

Cwt· C w2 ' Cw3 •· .. 

Def! 

dm 
dmin 

dtreal 

f/(Y).!2(Y) 

g 

gy 

H 

h 

m,n 

P .. 

Ps 

Nomenclature 

Coefficients in equation 47. 

Aspect mtio, UH 
Pesticide specific constant in equation 
83. 

Specific heat. J/kglK. 

Concentf'ation of pesticide. kglm3 

Specific heat of water. kglm' 

Specific heat of air. J/kglK. 

Coefficients in equation 49. 
Coefficients in equation 59. 

Coefficients in the isotherm equation, 
67. 

Effective diffusivity of water vapour 
through grain. m2/s. 
Dry matter loss. 

Minimum grid spacing. 

Integration time step in real time. s. 

Spatial functions of temperature. T. 
Gmvity vector, mls2 

Vertical component of gravity vector, 
mls2 

Height of grain bulk, m. 

Defined by hJhv-l 

A grain specific constant defined by 
equation 72. 

Differential heat of sorption. J/kg. 
Integration time step, s. 
Heat of vaporisation of free water, J/kg 

Integral heat of wetting of grain, J/kg 

Internodal distance in the x-direction. 
m. 
Internodal distance in the y-direction. 
m. 
The {i,j)th node. 

Permeability of grain bulk, m. 

Effective thermal conductivity of 
grain bulk, W/m/K 

Reaction rate coefficient, lis. 

Width of grain bulk, m. 

Moisture content, % wet basis. 

Number of nodes in x and y direc
tions. 

A grain specific constant in the iso
therm reversion equation 71. 

Moisture modifier in equation 75 

Temperature modifier in equation 75 

Pressure. Pa. 

A constant in relative humidity equa
tion 64, Pa. 

Vapour pressure of water, Pa. 

Saturation vapour pressure of water. 
Pa. 

Heat flux, Wim2 

Heat of respiration of grain, J/kg 
Volumetric heat of respiration, W/m3 
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r 

Ra* 

stabr 

T 

t"tmx,tmY'" 

I" 
1* 

t* 112 

u 
u* 

w 

Greek symbols 

P 

Pi 

r 
°i 

a 

Superscripts 

* 

** 

p 

Relative humidity. 

Modified Rayleigh number. defined 
by equation 33. 

Volumetric rate of mass generation, 
kgls/m3 

A stability factor. 

Temperature, K. 

A temperature imposed on one wall 
of the gmin store, K. 

Time,s. 

Coefficients in equations 42. 

Physiological time, s. 

A reference time. s. 

Pesticide specific constant in equa
tion 87, s. 
Horizontal component of velocity. mls 

Reference horizontal velocity, m/s. 

Velocity vector. mls 

Vertical component of velocity, mls. 

Reference vertical velocity, mls. 

Humidity of air, kglkg 

Grain moisture content, kg/kg 

A grain specific constant. 

Space coordinates, m. 

Volumetric coefficient expansion of 
air, IlK. 

Leading coefficient of ith equation in 
the Thomas algorithm. 

Refers to the intergranular air. 

Right hand side of jth equation in the 
Thomas algorithm. 

Volume fraction. 

Viscosity of air, Pa slm 

Refers to the grains. 

Stream function, m2/s. 

Error bound on dimensionless stream 
function. 

Reference stream function. m2/s. 

Density, kglm3. 

Density of air, kglm3 

Mass weighted specific heat, J/Klm3 

Temperature difference across the 
grain bulk, K. 

Refers to values after a notional half 
time step. 

Refers to values at the end of an inte
gration time step. 

Refers to the ]Jth time step. 

Denotes dimensionless values. 
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Appendix 1 Solution of a set of linear equations that has a 
tridiagonal coefficient matrix 

When we solved the thennal energy balance and 
stream function equations we had to solve sets of 
simultaneous equations that have a tridiagonal coeffi
cient matrix. For example, when we are solving equa
tion (57) for the intermediate values of 1fI* implicitly 
in the x-direction we have for values of j = 2,3,4, .... , 
n-2,n-l. 

. 
lI'2 

• 
lI'l+1 

aM-3 bM- 3 CM-3 1jJ';'-2 

in which 

ai=-cpl; i=2,M-2 

bi =(p2; i=l.M 2 

ci = -cp 1; i = I, M -- 3 

UM-2 bM-2 1jJ';'_1 

d, = cp3 * 1jJ'1+I,j-l + cp4 * lI"+1,j + cp3 * 1jJ"+l.j+l 

+cp7*(T!:;I-Trl) 
dl =dl +cpl * lI'l 
dM - 2 =dM- Z +cpl * 1jJ'M 

(Al.l) 

The equations are solved by manipulating the 
above matrix so that it has only two bands of coeffi
cients, thus 

PI Cj 1jJ'2 °1 

f32 c2 lI'3 °2 

(A1.2) 
f3j Cj lI'l+1 0, 

PM-3 cM-3 1jJ'M-2 °M-3 

f3M-2 1jJ'M-1 oM-2 
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in which we have omitted the asterisk denoting the 
value at the half time step. After we have transfonned 
the equations into the above form it is a simple matter 
to detennine all of the updated stream functions by 
back substitution, i.e. 

lI'M-1 = 0M-2 I f3M-2 (AI.3) 

Using this value of lj!M-J in the penultimate equa
tion enables us to find lj!M-2 thus 

1jJ'M-2 = (OM-3 - CM-31jJ'M-I)/ f3M-3 (A 1.4) 

In general the stream function, lj!i, of the ith node is 
given by 

(AI.5) 

Examination of the original set of equations indi
cates that the first equation is already in the desired 
fonn with 

(AI.6) 

The first two equations may then be written as 

fJllI'2+Clll'3 01 

U2l1'Z +bzll'3 +C2l1'4 d2 

(AI.7) 

(AI.8) 

The second equation may be manipulated into the 
desired fonn by eliminating the term involving a2 
which is accomplished by multiplying the first equa
tion bya21{31 and subtracting the result from the sec
ond equation, Le. 

(At.9) 

Hence, if we define 

(At.tO) 

and 

(At.ll) 



the second equation becomes 

(AI.12) 

which is of the desired fonn. We can now proceed 
to eliminate the remaining leading coefficients in an 
exactly analogous manner. For example, 

(AI.13) 

and 

(AI.I4) 

For the generallth node these equations are 

(AI.IS) 

and 

(AI.lo) 

We have developed the algorithm, which is some
times known as the Thomas algorithm after Thomas 
(1949), specifically to solve for the interior stream 
function '1'2, '1'3, ..... , 'l'M-2, 'I'M-I' In general we may 
wish to solve for the NN unknowns x I, x2, ......... ,xNN_ 
to xNN.· In this case the system of equations to be 
solved is 

PI q XI 01 

P2 C2 x2 02 

Pi ci xi °i (AI.17) 

fJNN-1 cNN-I xNN-l ONX-3 

PNN xNN ONN 

The Thomas algorithm may be fonnulated in the 
fonn shown in Figure A 1.1 

A FORTRAN equivalent of the Thomas algorithm 
is given in Figure AL2. 
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ALGORITHM moMAS 
This algorithm represents a sckeme to solve • sot or Iin_ equations, the: 
coefIioieats of which furm a tridiagonal matrix. 

INPUT: Number of equations, NN. 
Coefficients at. hi and Cl 

Values on right hand side or equation. d, 
For jr:::2.3 ......... NN. do: 

Bad 

&=a'/fJH 

P,=Of-trH 

x." =o""/fJ",, 
rUCl-~.>, ........ ,mv, do: 

End 
OUTPUT: xl" Stop 

~TII~O~MA_S _______________ -, 

Figure Al.1. The Thomas (1949) algorithm 

.. .. .. 
* .. 
.. .. .. 
* 
• 
* .. 
* 

.. 

Subroutine thomas(nn) 

This subroutine solves tridiagonal system of equations 

There are nn equations and the coefficients are 
a(2),a(3), ....... ,a(nn-I),a(nn) 
b( 1)'b(2), ....... ,b(nn.l),b(nn) 
c(1),c(2), ....... ,c(nn.2),c(nn·l) 

The right hand side of the equations is 
d( 1),d(2) ......... d(nn.l),d(nn) 

The DD unknowns are 
xx(1),xx(2) ..... xx(nn.1 ).xx(nn) . 

Note that the dimension and common statements are 
contained in the include statement . 

include 'mm.inc' 
beta(l )=b(l) 
delta( l)=d( I) 
do IOi=2.nn 
eps=a(i)lbeta(i.l) 
beta(i)=b(i)-eps*c(i-I) 

10 delta(i)=d(i)-eps·deha(i-l) 
xx(nn)=deJta(nn)lbeta(nn) 
do 20 i=2,nn 
j=nn+l-i 

20 lOCfj)=( deha(j)-c(j)*lOCfj+ I) )/beta(j) 
return 

end 

Figure Al.2. A FORTRAN listing of the Thomas (1949) 
algorithm. 



Appendix 2 Physical and chemical properties required in the 
simulations 

In this appendix, the penneabilities of grains and constants associated with Hunter's (1987) iso
thenn equation are presented, together with constants used in Desmarchelier and Bengston's 
(1979) rate of decay of pesticide equations. 

Table A2.1. The penneabilities of eereal and other grains (multiply by 10-8). Calculated from data presented by Hunter 
(1983). 

Barley, 12% Pea beans, 15% 4.16 

Clover. alsike. dry 0.0663 Peanuts in shell, 4.4% 62.4 

Clover, crimson, 8% 0.173 Popcorn, shelled, yellow pearl type, 12% 1.73 

Clover, red. dry 0.103 Popcorn, white rice type. 14% 1.02 

Corn. clean ear, lot 2, 16% 292.0 Rice. rough, 13% 0.927 

Corn. ear, lot I, as harvested. 20% 14.1 Sericea Lespedeza. 13% 0.111 

Corn, shelled, 12.4% 2.52 Sorghum, grain, 13% 0.679 

Fescue, 11% 0.383 Soybeans, 10% 2.80 

Flax, 11% 0.174 Wheat. 11% 0.578 

Grass seed. broome, 10.5% 1.18 Linseed, glenelg, 7.9% 0.121 

Grass seed. rescue, 13% 2.55 Rapeseed, tower, 5.7% 0.255 

Kobe. Lespedeza, 15.5% 0.572 Safflower, gila, 5.9% 1.50 

seed, blue. 7.5% 3.54 commercial 7.9% 1.14 

Table A2.2. Parameters for use in the isostere equations 67 and 68 (after Hunter 1987). 

Barley 

Corn 

Peanuts 

Rapeseed 

Rice 

Sorghum 

Soybeans 

Sunflower 

Wheat 

-0.50160 

-0.30395 

-0.22976 

-0.29907 

-0.17662 

-0.22297 

-0.27797 

-0.21133 

5.6323 

7.4899 

10.5894 

5.1427 

5.1872 

8.1659 

12.6731 

4.7403 

-0.09832 

-0.07120 

.{).01706 

-0.14485 

-0.06118 

-0.04524 

-0.04931 

-0.03483 

11.4758 3.7880 

3.9970 11.2951 1.2119 x 105 4.4464 

2.4461 7.3356 6.5175 x 106 2.6469 

3.8106 12.0556 9.7481 x 105 4.9670 

4.2819 56.3811 7.4031 x 107 9.7154 

2.8957 10.3580 8.5377 x 106 5.6651 

4.4794 6.0718 5.0304 x 106 3.0445 

2.2610 17.6706 4.4571 x 106 4.9682 

Table A2.3. Chemical reaction constants for Ihe decay of chemical pesticides applied 10 stored grains (after Desmarchelier 
and Bengston 1979). 

Pesticide t* 112 (weeks) B (per degree C) Pesticide t* Ii2 (weeks) B (per degree C) 

Fenitrothion 14 0.036 Methacrifos 8 0.055 

B ioresmethrin 24 0.033 Malathion 12 0.05 

Bioresmethrin* 38 0.031 Chlorpyrifos-methyl 19 0.04 

d-Fenothrin 38 0.029 Carbaryl 21 0.031 

d-Fenothrin* 40 0.029 Pirimiphos-methyl 70 small 

Pyrethrum* 55 0.022 Pyrethrum 34 not known 

*PJus the antioxidant piperonyl butoxide at 20 mg/kg. 
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Analysis of Continuous .. flow Grain Dryers 

F.W. Bakker-Arkema*, M.D. Montross*, Liu Qiang* and D.E. Maiert 

Abstract 

The high-temperature continuous-flow dryer is the prevalent dryer type in the major grain-producing coun
tries. The choice of a particular model is frequently based on the initial cost, rather than on technical factors 
sucb as energy efficiency and grain quality. This has led at times to the employment of low-quality dryers, 
and to the produetion of inferior-grade grain and the consumption of excessive fossil-fuel energy. This pa
per shows that the dryer-manufacturing industry currently markets reasonably-priced, energy-efficient dry
ers which are able to produce excellent quality grain. 

Crossflow, mixed-flow, and concurrent-flow are at present the primary high-temperature dryer types. 
Simulation modelling is routinely used today in the industry for analysis and design, resulting in their im
proved grain-quality and energy-efficieney characteristics. 

The modem erossflow dryer is suitable for drying maize as feed; it is less expensive than mixed-flow and 
concurrent-flow dryers. For the drying of rice (and food maize), mixed-flow and concurrent-flow dryers are 
recommended because of their superior grain-quality characteristics. Of these, the concurrent-flow models 
have, in general. the best energy efficiency. 

Several unconventional high-temperature dryers are occasionally used commercially for the drying of grains. 
Included in this group are the steam, the rotary, and the fluidised-bed dryers. Although each of these dryer types 
has certain advantages, their high initial and operating eosts have thus far prevented market penetration. 

DRYING is one of the essential steps in the postharvest 
technology of grains, especially of maize and rice 
which almost always require mechanical drying. 
Grains are dried on the farm and off the farm, 
depending mainly on the country of production. For 
instance, in the USA the bulk of the maize is farm
dried; in France, almost all the maize is dried off the 
farm at local grain depots. This paper assesses the 
state-of-the-art of off-farm grain drying, and its spe
cific needs for design improvement. 

Off-farm dryers are considercd to be of the high
temperature continuous-flow type, and to have a 
capacity of at least 12.5 tlhour. Usually, this excludes 
all but the largest in-bin drying systems. 

The main off-farm dryer types are: (I) the cross flow 
dryer, (2) the mixed-jlow dryer, and (3) the concurrent
jlow/counterjlow dryer (see Fig. I). Each dryer type is 
able to dry maize rice and othcr grains. Each type has 
specific advantages and disadvantages. The dryer
selection criteria differ somewhat from country to 

" Department of Agricultural Engineering, Michigan State 
University, East Lansing, MI, 48823, USA. 
Department of Agricultural Engineering, Purdue Univer
sity, West Lafayette, IN, 47907, USA. 
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country, and from crop to crop. For instance, a 1995 
Chinese tender for the purchase of a series of high-tem
perature maize dryers ranks and weights the dryer
characteristics as follows (CNIIEC 1995): (I) initial 
price-60%, (2) energy consumption--S%, (3) kernel 
breakage-5%, (4) moisture gradient at dryer exit-
5%, (5) life expectancy-4%, (6) dryer type-3%, (7) 
increase in stress-cracked kernels-3%, (8) level of 
automatic control-3%, (9) kernel-temperature at dryer 
exit-2%, (10) service record-- 10%. Thus, the price 
factor (60%) far outweighs the technical factors (30%) 
and the service factor (10%), and the least expensive 
dryer is likely to be selected for the drying of maize in 
northeastern China, regardless of the model's grain
quality and energy-efficiency characteristics. In gen
eral, the weighting scale of the various economic/tech
nical/service factors is decisive in the selection of the 
high-temperature dryer at a grain facility. 

Analyses of dryer designs are today routinely con
ducted by computer simulation; models of the major 
dryer types have been available in the literature for a 
decade (Brooker et al. 1992). Simulation modelling 
has not led to revolutionary new dryer designs but has 
resulted in evolutionary improvement of existing 
dryer types. This is best illustrated by comparing the 
energy-efficiency and grain-quality characteristics of 



1970-vintage crossflow dryers and 1990 models: sig
nificant improvement has occurred with respect to 
both dryer-quality parameters. 

CROSSFLOW CONCURRENTFLOW 

-- --warm moist 
drying exhaust 
air air -- --

COUNTERFLOW 

~ t moist 
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air 

~ t warm 
drying 
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warm 
drying 
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---.... grain 
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air 

MIXED FLOW 
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Figure 1. Schematics of the four major types of high
temperature grain dryers: crossflow. concur
rent-flow, counterllow and mixed flow. 

Grain Moisture Content 

High-temperature grain dryers are commonly rated 
for capacity on the basis of 10-point moisture 
removal from maize, i.e. from 25 to 15% moisture 
content (wet basis). No mention is made that the 
quoted moistures are average moisture contents. It is 
assumed that the variation in moisture content of the 
maize kernels entering a dryer is small. However, this 
is not the case, as is shown in Table I in which the 
average moisture content, the moisture content range, 
and the standard deviation of 50 kernels on an ear are 
tabulated for the tip/middle/butt kernels of an early 
and a late maize variety. The difference in the mois
ture content of the wettest and driest kernels is 27.5% 
for the early variety, and 32.0% for the late variety. 
The tip kernels are on average about 5% drier than the 
butt kernels. Just after high-temperature drying, the 
difference in moisture content between the kernels is 
still large, as the data in Table 2 show. 
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The moisture range narrows and the standard devi
ation diminishes during storage (see Tables 3 and 4). 

Dryer Types 

Crossflow dryers 

Cross flow dryers are the most popular dryer type in 
North America. They have a plenum surrounded by a 
relatively thin grain column; hot air traverses the 
grain perpendicular to the downward flow of the 
grain. Cooling of grain takes place in the bottom sec
tion of the grain column. Cross flow dryers are often 
called tower or column dryers. 

Crossflow dryers do not dry grain uniformly. Sig
nificant moisture and temperature gradients exist 
across the grain column at the moment the drying 
process is discontinued. During the cooling cycle the 
degree of non-uniformity decreases, but a definite 
moisture differential among the kernels still exists 
when the grain leaves the dryer, notwithstanding the 
fact that the average moisture content may have 
reached the desired level. 

Recent design advances in crossflow dryers have 
improved the grain-quality characteristics of this 
model typc. Airflow reversal has been incorporated in 
some crosstlow dryers in order to otTset the moisture 
and temperature differentials in the grain column. 
Grain inverters turn the overheatcd grain at the air
inlet side to the air-exhaust side of the column, and 
thus reduce overdrying/overheating. A new feature 
added recently to the basic crossflow design-temper
ing-improvcs the quality of crossflow-dried grain. 

Modern crossllow dryers with air recycle, grain 
tempering, and grain inverting are able to dry wet 
grain at high throughput and moderate energy effi
ciency, and can produce dried grain with moderate 
moisture differentials among the kernels. For feed 
grain, the cross flow dryer is a good choice. 

In-depth analyses of crossllow-dryer designs can 
be made by employing a differential-equation-based 
model of the following type (Brooker et al. 1992): 

aT 
dx 

0) 

0) 

aM . I k Id' . = a smg e - erne rymg equation 

(1) 

(2) 

(3) 

(4) 



Table 1. Average kernel moisture content (%), moisture content range, and standard deviation of 50 kernels on an ear of an 
early and late variety maize in the midwestem USA. 

Location 

Tip 

Middle 

Butt 

Average moisture 
content 

25.0 

28.3 

30.4 

Late variety 

Moisture content Standard 
range deviation 

8.5-36.5 6.20 

10.5-38.0 6.44 

12.5-40.5 9.03 

Early variety 

Average moisture Moisture content Standard 
content. range deviation 

20.8 15.5-32.0 3.40 

24.3 15.5-35.0 5.04 

26.1 10.0--37.5 6.88 

Table 2. Standard deviation and moisture content (%) range of maize dried in a commercial crossflow dryer. 

Inlet 

A verage moisture Standard Moisture content 
content deviation range 

22.7 4.51 12.5-34.5 

21.8 3.80 12.0-33.0 

21.0 3.13 14.0-31.0 

Table 3. Short-term change in the moisture content (%) 
range and standard deviation of maize after 
crossflow drying (average m.C. ~ 14.5%). 

Time Moisture content Standard 
(hours) range deviation 

0 9.0--30.5 3.75 

3 10.0--21.5 2.63 

20 10.0--24.5 2.38 

27 10.0--18.5 2.08 

45 11.0--17.5 1.74 

50 9.5-16.5 1.63 

68 10.0--17.5 1.50 

92 11.0--17.0 1.38 

114 10.5-16.0 1.21 

122 11.5-16.5 1.24 

450 11.5-16.5 1.03 

Solution of the model for a specific crossflow 
dryer establishes the approximate values of such 
parameters as: (I) the grain retention time, (2) the 
minimum and maximum kernel temperatures, (3) 
the minimum and maximum kernel moistures, and 
(4) the energy efficiency. 
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Outlet 

A verage moisture Standard Moisture content 
content deviation range 

14.5 3.17 8.5-24.5 

13.9 3.44 8.0--28.5 

12.7 4.23 7.0--31.0 

Table 4. Long-term change in the average moisture 
content (%). moisture content range, and 
standard deviation of maize stored in a 1500 t 
bin under Michigan conditions. 

Date Average Moisture Standard 
moisture content deviation 
content range 

I Nov. 93-30 Nov. 93 14.5 9.0--30.5 3.75 

10 Jan. 94 16.4 11.0--18.5 1.30 

17 Feb. 94 15.2 11.0--17.5 1.06 

22 Mar. 94 13.6 10.0--15.0 1.15 

25 Apr. 94 13.2 10.5-15.5 1.07 

Airflow reversal, tempering, and grain inverting 
were first investigated by simulation (Pierce and 
Thompson 1981), and have subsequently been 
applied successfully to commercial crossflow dryer 
designs (FFI Corporation, Indianapolis, Indiana, 
personal communication, 1995). 



Concurrent-flow dryers 

The concurrent-flow dryer design is relatively new; 
it has one or more concurrent-flow drying sections, 
and one counterflow cooling section. In a concurrent
flow section, the grain and drying air flow in the same 
direction, in the counterflow cooler in the opposite 
direction. 

With the exception of a small, one-stage on-farm 
concurrent-flow model, concurrent-flow dryers have 
two or three concurrent-flow drying zones. A tem
pering zone is located between successive drying 
sections. The ability to employ different air tempera
tures in the different stages is an inherent advantage 
of this dryer type. 

A concurrent-flow/counter flow dryer has alternate 
concurrent-flow and counterflow drying sections. 
Dryers of this type are of Chinese design, and usually 
are multi-tower units. Because of the relatively poor 
grain-quality characteristics of this dryer, it is not fur
ther discussed. 

The most distinguishing feature of the concurrent
flow dryer is the uniformity of the drying process. 
Every kernel undergoes the same heatingldrying/tem
pering/cooling treatment, unlike in crossflow and 
mixed-flow dryers. The temperature of the drying air 
is much higher than in the other dryers because the 
wet grain is subjected to the hot drying air not for 
hours (crossflow dryers) or minutes (mixed-flow dry
ers), but only seconds. Therefore, the grain does not 
approach the temperature of the drying air, as it does 
in the other dryer types. 

The uniform, relatively gentle drying and cooling 
processes in concurrent-flow dryers, and the built-in 
tempering treatment(s), result in dried grain of supe
rior quality. The percentage of stress-cracked kernels 
in concurrent-flow dryers is less than in mixed-flow 
dried and in crossflow-dried grain. 

A characteristic feature of the concurrent-flow 
dryer is its use of ultra high drying-air tempera
tures, as high as 200-2S5°C for maize. The high 
evaporative and sensible heat loads at the inlet of 
each drying section prevent the grain kernels from 
reaching temperatures above 60--S0°C (depending 
on the type of grain). 

Precleaning of the wet grain (recommended for all 
high-temperature dryers) is essential for concurrent
flow dryers because of the high operating tempera
tures. 

Most dryer experts agree that concurrent-flow 
grain dryers are theoretically, technically, and opera
tionally superior to crossflow and mixed-flow dryers, 
with respect to grain-quality characteristics and fuel 
efficiency. However, the high-technology aspects, 
general misunderstanding, and relatively-high initial 
cost are definite disadvantages of this dryer type. 

126 

The equations for the concurrent-flow and cross
flow drying models appear superficially to be similar 
but close scrutiny reveals significant differences 
(Brooker et al. 1992). The crossflow model consists 
of a set of partial differential equations, while the 
concurrent-flow dryer is represented by a set of ordi
nary differential equations: 

dT 

dx 

dM . I k Id' . - = a slOg e - erne rymg equatIon 
dt 

(5) 

(6) 

(7) 

(8) 

Standard mathematical techniques (e.g. Runga
Kutta) can be used to solve the system of equations 
(5)-(S). 

The grain in a concurrent-flow dryer is cooled in a 
counterflow cooler. The concurrent- and counterflow 
drying/cooling models are similar except for some of 
the signs in the equations (Brooker et al. 1992). How
ever, the solution of the counterflow model is more 
complex because it is a two-point boundary value 
problem (instead of a one-point boundary problem as 
is the case for the concurrent-flow model). Montross 
(1995) recently developed a stable method of solving 
the model of a counterflow grain cooler. 

Computer simulation has contributed extensively 
to the design of multi-stage concurrent-flow dryers, in 
particular of optimum grain-bed depths and optimal 
air-recycle patterns (Bakker-Arkema et al. 1992). 

Mixed-flow dryers 

Mixed-flow dryers are the predominant dryer type 
in western Europe and Latin America. Grain is dried 
in mixed-flow dryers by a mixture of crossflow, con
current-flow, and counterflow processes. The grain 
flows over a series of alternate inlet and exhaust air 
ducts. This results in fairly uniform drying, and there
fore in relatively uniform grain moisture content and 
quality. The drying temperature in mixed flow dryers 
is higher than in crossflow dryers because the grain is 
not subjected to the high temperature for as long. 

It has recently been shown that there is a significant 
difference in the retention time and grain-temperature 
history between the kernels as they pass through a 
mixed-flow dryer (Liu 1993). This leads to a higher 



than expected spread in the moisture content and tem-
perature of the exiting the dryer. 

The difference in design between different mixed
flow dryer models centres around the duct size/spac
ing/pattern specifications. No comparative studies 
have been published on these design modifications 
with respect to fuel consumption, grain-quality char
acteristics, and capacity (i.e. throughput per unit of 
dryer volume). Therefore, claims by manufacturers of 
'best duct design' are impossible to verify. 

Mixed-flow dryers are more expensive to manufac
ture and require more extensive air-pollution equip
ment than crossflow dryers. 

During the mixed-flow drying process, the grain 
kernels are subjected to a continuously-changing pat
tern of repeated crossflow concurrent-flow and co un
tertlow drying treatments. Therefore, a mixed-flow 
dryer simulation model consists of a combination of 
these three submodels (Liu \993). 

The mixed-flow drying model has recently been 
utilised for the design of tapered airducts in a mixed
flow maize dryer (Cao 1993). 

Miscellaneous dryer types 

In addition to the three major grain dryer types, Le. 
crossflow, mixed-flow, and concurrent-flow, several 
other dryers are used occasionally for grains, often 
only at the research level. Spouted-bed, fluidised bed, 
and microwave dryers are examples; they have not 
(yet) proven to be economical as high-temperature 
dehydration devices for grains. 

Rotary dryers are employed successfully in drying 
rice, mainly parboiled rice. The uniform drying treat
ment of the kernels is an advantage. However, the ini
tial and maintenance costs of these dryers are high, 
and thus they do not compete with the more eonven
tional grain-dryer types. 

The steam dryer is a recent Chinese invention, and 
is popular in certain regions of northeastern China. A 
steam dryer usually consists of 3 to 4 towers in series. 
Each tower contains in its upper section a series of 
steam pipes, and in its lower section a number of 
inlet!outlet airducts. The grain is heated by conduc
tion as it flows over the steam-heated pipes, and is 
subsequently treated with ambient or slightly-heated 
recycled drying-air. The grain retention time is long 
(4--6 hours for lO-point moisture removal) due to the 
relatively low grain temperatures, resulting in supe
rior grain quality. The high initial cost of a steam 
dryer is likely to prevent adoption of this dryer type 
outside of China. 

Rotary-dryer models have been developed in the 
chemical engineering industry (Kelly 1987). How
ever, they have not been applied to the design and 
analysis of rotary grain-dryers. 

The authors have not been able to find a steam
dryer model for grain in the literature. 
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Dryer Comparison 

Drying temperatures 

The drying-air temperatures employed in high
temperature grain dryers depend on the dryer type 
and the grain variety. Table 5 contains values of the 
temperatures measured recently in maize dryers at 
elevator/grain-depot sites in the USA and China 
(Montross et al. 1994; Liu et al. 1994). Clearly, the 
concurrent-flow dryers operate at the highest temper
ature, the crossflow dryers at the lowest temperature. 
The disparity in operating temperatures between 
those measured in the USA and China is due to the 
different heat sources used in the two countries: natu
ral gas in the USA, coal in China. 

Table S. Typical drying-air temperatures employed in 
different maize-dryer types in the USA and 
China. 

Dryer USA (0C) China (0C) 

Concurrent-flow 205-290 150--160 

Mixed·f1ow I30--14O 120--J50 

Crossflow 85-120 90--120 

Steam dryer 130-140 

The grain-kernel temperature, not the drying-air 
temperatures, determines the drying rate of the grain 
in a dryer. Figure 2 shows the distribution of the ker
nel temperature in the crossflow, concurrent-flow, 
mixed-flow, and countertlow dryers. The variation in 
temperature (and in moisture content) between the 
kernels in the crossflow dryer is large, in the mixed
flow dryer relatively small, and in the concurrent! 
countert1ow dryer non-existent. Also, in the eross
flow dryer the grain kernels are subjected to the high 
inlet-air temperature for a period of hours, in the 
mixed-flow dryer for minutes, and in the coneurrent
flow dryer for (only) seconds. Therefore, there are 
different high-level limitations on the drying-air tem
perature in the three dryer types. 

Maize quality 

The authors have recently investigated the effect of 
dryer type on maize quality (Montross et al. 1994; Liu 
et al. 1994). In the USA, three dryer types were 
tested, Le. crossflow, concurrent-flow and mixed
flow models. In China, the same three types were 
investigated, along with steam-drying and sun-drying 
installations. Tables 6 and 7 show the results of both 
studies. 
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Figure 2. Moisture and temperature changes during: (a) 
crossflow drying; (b) concurrent·flow drying; 
(c) counterflow drying; and (d) mixed-flow 
drying. 

Several conclusions can be drawn from the data in 
Tables 6 and 7: 
I. Sun drying is able to produce maize with a mini

mum number of stress cracks if properly imple. 
mented. 

2. Steam-dried maize usually has only a small 
number of stress cracks. 

3. Of the three major high-temperature dryer types, 
concurrent-flow dryers cause the smallest 
increase in the number of stress cracks in maize 
kernels while crossflow dryers generate the larg
est increase. 
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4. Mixed-flow dryers fal] between the concurrent
tlow and crosstlow dryer types with respect to the 
stress-cracking of maize. 

Comparing the data in Tables 6 and 7 shows that 
the number of stress cracks recorded for the three 
major dryer types in China is lower than in the USA. 
This could be due to variety differences but is likely 
to be caused by the higher drying temperatures used 
in the USA than in China, Le. concurrent-tlow dryers 
usually operate at 250-275°C in the USA, but at 125-
150°C in China. 

A comparison between four dryer types is given 
in Table 8 with respect to the drying-air tempera
ture, the maximum temperature reached by the 
grain, and the expected increase in stress-cracked 
kernels, in drying maize by ten percentage points of 
moisture. 

Dryer rating 

High-temperature dryers are usually rated for 
capacity only. In some cases the energy efficiency is 
given. A buyer has difficulty interpreting the dryer 
manufacturer's data due to the lack of a standard rat
ing scheme. 

The International Standards Organization (ISO) 
has proposed the standard 'Agricultural Grain Dry
ers-Determination of Drying Performance.' Until 
this standard has been approved, and accepted world
wide by grain-dryer manufacturers, it is impossible to 
draw objective conclusions from a comparison of dif
ferent dryer types and dryer models. 

Dryer Control 

The moisture content of wet grain reaching a high
temperature continuous-tlow dryer over a 24-hour 
period can vary greatly. This is due to the different 
harvest-procedurc preferences, soil types, and variety 
selections of individual farmers. At commercial ele
vators it is not unusual to encounter moisture content 
differences of 10-15% in lots of maize received from 
different growers. Yet all the grain must be dried to 
approximately the same average moisture content. 
The challenge presented to the dryer operator. or the 
automatic controller, is to properly vary the speed of 
the unload auger and thus the residence time of the 
grain in the dryer. 

Manual control of continuous-tlow dryers often 
leads to significant overdrying or underdrying. Auto
matic control of continuous-tlow dryers is usually 
designed to minimise these occurrences. Secondary 
objectives are minimising energy consumption and 
optimising dryer capacity, both necessarily subject to 
grain quality constraints (Eltigani and Bakker
Arkema 1987). 



Table 6. Average type of stress cracks, stress-cracked percentage and stress-crack index of maize dried in three dryer types 
in the USA. 

Stress cracks 

Dryer type None (%) Single (%) Multiple (%) Checked(%} Stress-cracked (%) Se!" 

Three-stage concurrent-flow 47.4 5.8 27.1 19.7 52.6 185.6 

Mixed-flow 34.5 8.0 32.5 25.0 65.5 230.5 

Crossllow 12.2 3.4 38.6 45.8 87.8 348.3 

a SC! -1 * (% single) + 3* (% multiple) + 5* (% checked) (Gunasekanm et al. 1985). 

Table 7. Average type of stress cracks, stress-cracked percentage and stress-crack index of maize dried in five dryer types 
in China. 

Dryer type None(%) Single (%) Multiple (%) Checked (%) Stress-cracked (%) SC!" 

Concurrent-flow/crossflow 71.6 10.0 14.7 1.0 28.4 72.6 

Mixed-flow 70.7 11.0 15.7 0.7 29.3 70.9 

Crossflow 55.5 15.7 21.6 9.2 44.5 107.6 

Steam 89.7 6.3 1.0 3.0 10.3 24.3 

Sundrying 93.3 3.5 1.5 0 6.7 16.4 

a SCI _I * (% single) + 3* (% multiple) + 5* (% checked) (Gunasekaran et al. 1985). 

Table 8. The average effect of dryer type on the drying-air temperature, the maximum grain temperature, and the 
percentage of stress-cracked kernels in maize. 

Dryer type Drying air temperature (OC) Maximum grain temperature (.C) Stress-cracked kernels (%) 

Crossflow 80-110 

Mixed-flow 100-130 

Concurrent-flow 200-285 

Steam Ambient 

Continuous-flow dryer control is of the classical 
or the adaptive type. Either the exhaust-air tempera
ture or the inlet and outlet moisture contents of the 
grain are measured. and the speed of the metering 
roles is adjusted according to a specific control law. 
Temperature-based controllers are adequate for 
small inlet moisture variations; moisture-based con
trol is recommended for large swings in moisture 
content. 

A classical feedback controller reacts slowly when 
the residence time of the grain in the dryer is long. An 
optimal feedback control system requires a well
defined objective function, which is difficult to obtain 
mathematically. A classical feed-forward controller 
needs an accurate dynamic model of the drying proc
ess, which requires long computation time for on-line 
calculations (Marchant 1985). 
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80-110 70-85 

70-100 40-55 

60-80 30-45 

40-50 10-20 

An adaptive controller has been shown to offer the 
best technique for adequately controlling continuous
flow grain drying (Moreira 1989). Adaptive feedback 
and feed-forward control is able to minimise the fluc
tuation of the outlet moisture content even for large 
variations in the inlet and ambient conditions. 

Fuzzy or expert control is used when the objective 
function is difficult to express mathematically. It 
employs a set of heuristic rules based on expcrimental 
knowledge and operator expertise (Zhang et al. 1990). 

Two quality-control measures have been proposed 
to evaluate different control performances. One is 
based on the standard deviation of the grain moisture 
content and the other on the percentage of off-specifi
cation product. By employing these control measures, 
the success or the failure of a particular controller 
type can be quantified. 



Considerable computing power is required for con
tinuous-flow dryer controllers. The required continu
ous or intermittent sensing of the grain moisture 
needs sophisticated instrumentation. Therefore, the 
cost of a control system for a continuous-flow grain 
dryer is relatively high. 

Notwithstanding the substantial costs, dryer con
trol systems are economically justified on many 
grain dryers. 

Dryer Economics 

The analysis of profitability of the purchase of a par
ticular dryer is an essential part of the evaluation of 
different dryer types. Analyses commonly used, such 
as the payback period and rate of retum, do not ade
quately express the economics in the dryer-selection 
process. The capital-budgeting (also called life-cycle 
costing) analysis does allow the buyer to analyse the 
cash-flows over time resulting from the purchase of a 
specific dryer model. The capital-budgeting procedure 
requires values of a series of parameters-including 
the fixed and operating costs, the energy consumption, 
the grain quality change, the fuel and maintenance 
costs, the service life, the time value of money (i.e. the 
interest to be paid on the loan), and so forth. 

The capital-budgeting analysis provides a realistic 
comparison of dryer types. For instance, the initially 
costly dryer may in the long run be the better buy 
because it may produce better quality grain at lower 
operating costs and lower environmental pollution. A 
payback-period analysis may not reveal these advan
tages; a capital-budgeting analysiS, spanning a 3-10 
year planning horizon, will. 

A capital-budgeting analysis of the purchase of a 
dryer requires knowledge, or accurate estimates, of a 
number of dryer-related parameters such as the dryer 
capacity, energy efficiency, salvage value, etc. Many 
of these parameter values are inadequately known, 
and thus have to be researched by engineers and 
economists. 

As an example, the capital-budgeting costs of add
ing a grain-preheater to an existing concurrent-flow 
dryer are analysed (Montross 1995). [The preheater 
increases the capacity of high-temperature dryers by 
10-15%.] The parameters used in the analysis are 
listed in Table 9. The drying costs in the table refer to 
the drying charges at a local grain elevator, and would 
be incurred if no preheater had been installed. 

Table 10 shows the tonnage to be dried and the 
number of drying-operations to be required for the net 
present value (NPV) to be zero, for three levels of ele
vator income-tax rate. Thus, at a tax rate of 17%, and 
drying maize from 25 to 15%, at least 584 t of maize 
have to be dried per year for the addition of the pre
heater to the dryer to be economical, or the dryer has 
to be operated at least 255 hours. 
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Table 9. Parameters used in the capital budgeting analysis 
(in US$) of a concurrent-flow dryer to be fitted 
with a preheater. 

Input parameters 

Discount rate 

Life of preheater 

Federal income tax 

Depreciation method 

Capital costs 

Preheater cost (fans/burners) 

Dealer profit and 
miscellaneous costs 

Installation labor ($23/hour) 

Crane time ($75Ihour) 

Salvage value 

Operating costs 

Natural gas 

Electricity (kWh) 

Drying costs 

5 percentage points of 
moisture removed 

Capacity increase at 5 points 

10 percentage points of 
moisture removed 

Capacity increase at 10 points 

15% 

\0 

0,17,34% 

straight-line 

$10,590 

$2,650 

$3,680 

$1.200 

$2,000 

$2.83/m3 ($0.401100 ft3) 

$0.075 

$3.93/1 ($O.IOlbu) 

6.2 tlbr (245 bu/hour) 

$9.82it (SO.25/bu) 

2.3 t/br (90 bulhour) 

Table 10. Maize to be dried (t/year) and annual operating 
time (hours) required for the net present value 
(NPV) of the prehealer to be zero at a variable 
tax rale. 

Tax rate and time required Drying Drying 
20 to 15% 25 to 15% 

Maize dried at 17% tax, t/year 1,411 584 

Time required, hours 226 255 

Maize dried at 34% tax, t/year 1,682 696 

Time hours 270 304 

A capital-budgeting analysis of a high-temperature 
dryer provides quick answers to the effect on the net 
present value of: (I) the discount rate, (2) the fuel
inflation rate, (3) the loan policy. (4) the local drying 
cost, (5) the grain-quality premium and (6) the dryer 
energy-efficiency. In short, a capital-budgeting analy
sis provides for better economic information on a 
dryer, or on the add-on to a dryer, than can be obtained 
from an initial-cost or payback-period comparison. 
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In-store Drying and Grain Psychrometries 

Robert Driscoll* 

Abstract 

Product drying, though conceptually simple, is the least understood postharvest operation. Successful dry
ing produces a safe product, but drying problems can cause massive quality and actual losses. The interac
tion of a product with air can be represented on a psychrometric chart, a basic tool of the drying engineer, 
and this allows estimates of drying performance to be made. Interaction of the product with the air also will 
affect its chemical structure, microbial flora, and storage stability. A current trend in dryer models research 
is towards quality models which can be incorporated in deterministic models of grain drying, and are con
veniently expressed in terms of the temperature and moisture histories of the product. Such models allow 
predictions of safe and optimal drying from simulated or historical weather data, as well as development of 
appropriate control algorithms. The trend in Southeast Asia is towards mechanisation and increased collec
tion of grain in bulk, allowing technologies on a more efficient scale to be introduced. 

DRYING is one of the most common and least under
stood postharvest operations. Banga and Singh (1994) 
stated that drying is too complex to fully analyse in a 
rigorous mathematical sense, and that dryer design 
still mainly depends on experimental data. Although 
true, the application of basic science to situations 
such as drying of agricultural crops has led to a revo
lution in our understanding of drying equipment and 
strategies, but that revolution is only now starting to 
impact on the massive postharvest grain drying prob
lem of Southeast Asia. 

Grain drying in Southeast Asia 

The wet season harvests originated through the 
development of high yielding, fertiliser-dependent 
varieties of grain. Hybrid varieties, due to their 
greater initial vigour, have helped to increase yields at 
a time when land, labour, and water are decreasing 
(Virmani and Dedolph 1994), and so have increased 
pressure on the postharvest system. Drying the grain 
became a major problem in the region, as sun drying 
proved insufficient for wet season tropical climates_ 

Thus, mechanical dryers have been investigated as 
an alternative. New types of dryers are now being 
developed at a great rate; for example, spouted and 
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fluidised-bed dryers, and conduction drum dryers 
(I\oomhorm et al. 1994). Soponronnarit and Prachay
awarakom (1993) have developed fluidised bed dry
ers for first stage drying of paddy, predicting a cost of 
about US$80 per tonne water evaporated, and study
ing energy, quality and throughput rates of the tluid
ised-bed drying system. This has now been 
commercialised in Thailand. 

I worked on the dryer for the model grain depot at 
Jilin in China (Newman 1992), and so was able to 
observe developments there. China shows a slow trend 
towards mechanisation, the main delay being that the 
displaced labour force does not attract competitive 
wages compared with agricultural employment, which 
is currently 70% of employment. As the Chinese GNP 
rises, this trend towards urban society and 10% rural 
work force will accelerate (Schrock 1994). But all 
countries in Southeast Asia reflect this trend. 

Interaction of grain with air 

Drying inhibits product degradation by eontrol of 
water activity only. Water activity determines the rates 
of most biological and chemical reactions of relevance 
to food systems. Thus, the design objective in drying is 
not to control moisture but to control water activity. Yet 
most dryer objectives are stated in terms of moisture. 

The most common technique for dehydration is to 
allow interaetion between low moisture air and the 
product, moisture being transferred to the air and then 
carried out of the grain mass in solution. 



Other interactions between the grain and the air 
occur, many related to quality. A secondary interac
tion is a thermal interaction between the air and the 
grain, often referred to under constant aeration condi
tions as the initial transient. Some related effects are: 
• Grain can be preserved cheaply by cooling (Barth 

1993), giving independence of weather conditions 
and dryer delays, and at a low cost as cooling fronts 
propagate rapidly through a grain mass. Few have 
attempted to simulate more than the immediate 
dryer, with the exception of Chung et al. (1991), 
who simulated an on-farm grain storage system for 
American conditions, finding that gas-modulated 
burners gave a potential saving over on/off burner 
control. Recirculation of air was also studied in this 
simulation. My own work in simulating Malaysian 
mills as a drying system demonstrated dramatically 
the quality benefits that would result from cooling 
grain in an aeration bin at receival, so that the effect 
of dryer delays or bottlenecks within the complex 
would be alleviated. A reduction of dry matter loss 
from 0.8 to 0.5% was observed using typical har
vest data, this being the difference between accept
ing and rejecting the grain for export. The cost 
would have been that of a receival bin (bulk), aera
tion equipment and a small fan. No cooling system 
was required. 

• Grain kept in bags absorbs moisture at a rate of 
about 0.5% per month in tropical climates (Guritno 
et al. 1991). 

• If grain is sealed inside a plastic bag, gases build up 
due to respiration which are self-limiting, allowing 
long term storage (several months) by this simple 
technique (Kawashima and Siriacha \990). 

Relevance of isotherms 

Drying is a two-phase dual component system. The 
two phases are vapour and liquid, and the two compo
nents are water and water vapour. At equilibrium, the 
number of degrees of freedom F is: 

F 2 (phases) - 2 (components) + 2 
=2 

Since we have two degrees of freedom, if we define 
two state variables of the system we have defined the 
system state precisely. Choosing relative humidity 
(RH) and temperature (1) as our state variables, we 
can then write: 

M=/(T,RH) 

where/is a function, and M is the dry basis moisture 
content. For a particular temperature, the relation 
between M and RH is called an isotherm. and is prod
uct dependent. In turn, relative humidity is defined as 
a partial pressure ratio: 

RH =Pv l Ps 
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where Pv is the vapour pressure exerted by moisture 
in the air, and Ps is the vapour pressure of moisture in 
saturated air at the same temperature. This definition 
identifies RH with water activity aw, although relative 
humidity is generally expressed as a percentage 
whereas water activity never is. 

Recent research has suggested that there are criteria 
other than water activity and temperature which 
determine reaction rates, and these alternatives will 
be discussed briefly in a later section. 

The result of the above identification is that we can 
plot lines of constant moisture (isosteres) on a psy
chrometric chart, by holding moisture constant and 
using the function/to calculate the relative humidity 
as temperature varies. For most agricultural products, 
temperature has less effect than moisture on the rela
tive humidity, so that the isosteres tend to follow the 
relative humidity lines. This accounts for the use of 
moisture content for a particular product as the com
mercial determinant of the end point of drying. 

Work has continued internationally on building up 
a comprehensive library of product properties, with 
individual researchers continuing to collect basic 
thermophysical data. 

Psychrometries 

Definitions 

Air is used as the transport medium for moisture in 
the dryer. So as far as the dryer is concerned, air is a 
two component mixture of a gas (primarily O2 and 
N2) and a vapour (water). A limited volume of :iir 
above a free water surface becomes saturated. the 
amount of moisture present in the air depending on 
the temperature only, and independent of the pressure 
of the dry air. Relative humidity is a measure of the 
proportion of vapour present to the maximum amount 
the air can hold (at saturation). Absolute humidity is 
the mass of moisture in the air relative to the mass of 
the gas component of the air (called dry basis). Plots 
of air state variables are called psychrometric charts 
(Fig. I), of which the most important is a plot of tem
perature against absolute humidity. 

The example chart shown also demonstrates rela
tive humidity lines, enthalpy lines, and density lines. 
All of these are important in grain drying. Air 
enthalpy is a measure of the heat content of the air 
and its contained vapour: 

h = ma [CaT + H (cvT + /co)] 
where h is the air enthalpy (kJ), ma is the mass flow 
rate of the air on a dry basis (gas component only), ca 
and Cv are specific heats of the air and water vapour, 
respectively, (kJ/kg.K) and /co is the latent heat of 
water at O°C. 



Enthalpy is important in drying because for an adi
abatic, constant pressure system, enthalpy is con
served. Many dryers approximate this situation. Thus 
on our psychrometric chart, drying can be repre
sented using lines of constant enthalpy. In general, 
the inlet air will start at a different enthalpy from the 
initial product, and thus for the product to come to 
equilibrium with the air, two balances are required, a 
moisture balance and a thermal or enthalpy balance. 
In general, thermal balances occur quickly (typically 
more than 30 times faster than moisture balances). 

Drying on a psycbrometric chart 

Thin-layer drying of a product can be represented 
on a psychrometric chart using this information. First 
the product (P) and inlet air (A) points are plotted 
(Fig. 2). If the product is high in moisture, the prod
uct point will be close to the 100% relative humidity 
(saturation) line. Construct a line from the air point 
along its enthalpy line to intersect the 100% satura
tion line. Construct a second line at constant moisture 
from the initial product state to intersect the air 
enthalpy line, and call this point B. The line PB repre
sents the enthalpy 'front' moving across the product, 
whilc the line BA represents the product drying. 

This graphical method is a good way of explaining 
the drying process, but is not as accurate as an equa-

Psycbrometric Cbart 
f'Or humid air @ ]01325.6 pascals absolute. 
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tion-based solution method. In practice there is some 
moisture change in the product in the enthalpy front 
and some change in enthalpy in the moisture front for 
both the air and the product. These changes are gen
erally small enough to be neglected. 

Many researchers have developed models of thin
layer drying. Some recent work is that of: 
• Parti (1990), who studied diffusion with a tempera

ture and moisture-dependent diffusion coefficient; 
• Bala and Woods (1992), who combined internal 

diffusion with surface evaporation for malt; 
• Weres and Jayas (1994), who in a recent evaluation 

comparing a range of popular models found that 
the two-term exponential model was superior for 
describing the thin-layer drying rate of maize; 

• Martinez-Vera et al. (1995), who developed a thin
layer drying model of corn based on diffusion, 
using finite element analysis. 
Extension of this concept to deep bed dryers is dis

cussed in the next section. 

Other types of dryers 

Practicall y all dryers are systems for interacting air 
with the product. Although only in-store dryers were 
considered, the principles can be extended. Some 
examples showing specific aspects of grain/air inter
action are given below. 
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Figure 1. An example of a psychrometric chart (courtesy James Darby. Stored Grain Research Laboratory, CSIRO Divi
sion of Entomology, Canberra). 
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Figure 2. Graphical representation of grain drying on a psychrometric chart. See text for ex pJanation. 

One aspect of air properties of great interest in 
dryer design is solar energy, which can be used to 
partially heat the air and so dry the grain (Oosthuizen 
1992). Although technically possible and achieved 
by, for example, Somchart Soponronnarit in ACIAR 
Project 8308, it has not proven to be a commercially 
successful approach. 

Spouted-bed dryer dynamics are complex, espe
cially when it comes to scale up, and hence simplified 
arrangements are being tested such as two-dimen
sional spouted beds (Kalwar and Raghaven J993). 
Both spouted-bed and fluidised-bed dryers use high 
airflow rates to fluidise all (or a part) of the granular 
product mass, allowing rapid heat transfer. 

In-store drying 

A deep bed of product can be represented as a 
number of thin layers superimposed, and so can also 
be represented by points A, B, and P on a psychro
metric chart. The first layer acts as a true thin layer 
for constant inlet conditions. The second layer is 
affected by the outlet conditions of the first layer, 
resulting in a time delay before it is exposed to dry
ing air. In this way, there will be a time delay 
dependent on depth in the bed before layers deep 
within the grain will be exposed to the same condi
tions as the first layer. 
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Thus, two fronts are generated for constant inlet 
conditions to a deep bed of material. The first is an 
enthalpy front, generated at the air inlet and propagat
ing relatively rapidly through the grain mass. The sec
ond front is the moisture front, which is a drying front. 
In predicting the rate of moisture removal, the differ
ence between the absolute humidities of the air inlet 
and zone B conditions determines the rate of drying. 

The advantage of drying a deep bed rather than a 
thin layer is that the drying air is exposed to a large 
amount of product, and so has more time to come to 
equilibrium with the product. The wettest product is 
at the air exit. This gives high moisture efficiency 
without the need to recirculate the air or stir the grain. 
In contrast, thin-layer dryers give limited time for 
contact between the air and the product, so that the air 
leaves the product with unused moisture capacity. 

Deep-bed drying has been modelled extensively 
over the past three decades. In a recent review of the
ories (Cenkowski et al. 1993), only three types of 
drying models were recognised: the equilibrium, 
non-equilibrium, and logarithmic. In practice this 
classification neglects by far the most successful 
model, the so-called near-equilibrium model, which 
is actually the assumption of thermal equilibrium 
without also assuming moisture equilibrium. At low 
temperatures, near equilibrium models were found to 



perform better in practice than non-equilibrium mod
els, even for fast air situations such as fluidised-bed 
drying (Nathakaranakule and Soponronnarit 1993). 
Earlier reviews (e.g. Parry 1985) were perhaps a lit
tle more comprehensive. 

The drying time ean be estimated by equating the 
moisture removal rate with the amount of moisture in 
the bed above equilibrium (Bowrey and Driscoll 
1986). 

Work to develop and improve models of deep-bed 
drying continues, for example, on: 
• optimising integration step size-the work of Jin

dal and Seibenmorgen (1994) on the importance of 
the mass ratio of grain to air in a control volume; 

• respiration-the heat and water generated by respi
ration were found to have a significant effect on 
drying predictions for a deep bed (Soponronnarit 
and Chinsakolthanakom 1990), with heat increas
ing the drying rate and the moisture produced 
retarding it; 

• volume shrinkage-an example of a real bed effect 
is volume shrinkage, for many years not included 
in dryer models as being too difficult. Work on col
lecting empirical data on bed shrinkage is rare. An 
example is and Sokhansanj (1993) for wheat 
and canola; 

• complexity-some aeration models are of great 
complexity, covering three-dimensional flow using 
volume averaging theory. Van Graver (1992) 
reviews work by Thorpe, Wilson, and others. 
The main problems with deep bed drying are: 

• creation of a moisture gradient between the top of 
the bed and the inlet; 

• lost opportunity cost, as product is held up in the 
dryer for long periods, so tying up capital. 

• compaction of lower layers at high moistures, 
resulting in increased pressure drop, higher costs 
and slower drying rates; and 

• loading and unloading times are comparatively long. 
The main advantages are: 

• reduced quality deterioration; 
• Iow energy costs for drying under the right eondi

tions; and 
• reduced grain losses. 

Psychrometries and quality 

There are three parameters for assessing any proc
ess equipment: cost of operation (including capital 
and equipment costs), throughput, and product qual
ity. In this section quality is considered. Dryer mod
els need to include quality models to allow the model 
to be used for strategy development. For example, in 
the in-store drying model developed by the Univer
sity of New South Wales (Srzednicki and Driscoll 
1995), four quality models are included, dry matter 
loss, ergosterol increase, yellowing and seed viabil
ity. In most cases, it is the interaction of the product 
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with its psychrometric environment which causes 
changes in quality. 

Recent studies of microflora in milled grain sam
ples of rice from Southeast Asia have shown a pre
dominance of field fungi, with few observations of 
storage fungi (Pitt et al. 1994), indicating that the 
milling process removes most of the microflora. 

Great progress in dryer design has been achieved 
with the discovery that fluidised-bed drying of paddy 
does not necessarily result in poor quality grain, and 
that fact, coupled with the ability to economically 
recirculate the air inside a fluidised-bed dryer has led 
to a rebirth of this technology in southeast Asia 
(Ghaly et al. J 984; Tumambing 1992; Magampon and 
Elepano 1993). This success was due to the discovery 
that high temperature drying does not damage grain 
provided that the grain is initially at a high moisture 
content (Tal\ada et al. 1994). Rather it is the steepness 
of the moisture gradient within the grain which corre
lates to head rice yield (Siebenmorgen 1992), with the 
greatest reduction occurring during the first 8 hours of 
exposure to an absorption environment. 

The results have come from studies on causes of 
fissuring and breakage during milling of rice. Reduc
tion in head rice yield is caused by moisture readsorp
tion (Banaszek and Siebenmorgen 1990). Although 
Japanese researchers in the 19308 had established that 
fissure generation is due to adsorption rather than 
drying, this information was not disseminated until 
rediscovered by Kunze over a long series of careful 
experiments (see Kunze 1991). This has resulted in 
major rethinking of drying methodologies, with the 
result that grains are now frequently dried under 
much harsher conditions, yet with less loss of quality. 

More generally, Siebenmorgen (1992) confirmed 
that moisture reduction gradients caused fissuring, the 
majority of fissuring occurring during the first 8 
hours after exposure to an adsorption environment. 
This suggested that maize could be dried using high 
temperatures and high relative humidities (Estrada 
and Litchfield 1993). 

More detailed research on moisture distributions 
led to the disturbing discovery that individual rice 
grains vary widely in moisture content with their 
growth stage, and that even position on the panicle 
can have extreme effects. Did this matter? Unfortu
nately, the answer is yes. High moisture rice releases 
its moisture to low moisture rice, causing that rice to 
fissure, and hence reducing head rice yield (Sieben
morgen et al. 1992). 

We have come to understand more about the chem
istry of grain drying as well; for example, the effects 
on nutrients (Barrier-Guillot el al. 1993), enzymes 
(Chrastil 1990, 1993), and the location and causes of 
fissuring in the grain structure (Juliano et at. 1993; 
Juliano and Perez 1993; Peplinski et al. 1994). Theo
retical calculations of fissure development have been 



attempted by several researchers, one of the most 
successful being a finite element approach for maize 
and soybeans by Irudayara et al. (1993), using van 
Mises' failure criterion, and including thermal and 
moisture expansion effects and a viscoelastic model 
of the internal grain structure. Their model predicted 
fissuring at high temperatures (> 70°C), due to 
stresses of the order of 20 atmospheres being gener
ated near the grain surface. 

Thus, we seem to have come full circle, with fissur
ing due to drying, not readsorption, being indicated by 
the models. Studies at the University of New South 
Wales, on moisture gradients in rice grains (Driscoll 
1995) suggested that the gradients during drying are 
not as steep as the gradients that are created by expo
sure of a dried grain to a humid environment. This 
suggests that most fissuring could be prevented by 
controlling the relative humidity of the air to which 
the grain is exposed after drying to below 40%, until 
moisture diffusion within the grain has allowed re
equilibration to occur (at least 2 hours for paddy). 

Other important quality models include the follow
ing: 
• A storage quality indicator developed for wheat 

and rice was yellowing, which is discoloration dur
ing storage due to long-term chemical reactions 
(Bason et al. 1990). 

• Several models exist for seed viability [e.g. Giner 
et al. (1991), for wheat]. 

• Pinto et al. (1991) and Gibson et al. (\994) have 
modelled aflatoxin production in terms of water 
activity and temperature. 

• Evranaz (1993) has modelled oxidation of fats in 
peanuts, expressing it as a function of temperature 
and moisture. 

• Many grain storage pests were found to be depend
ent on wet-bulb temperature [Desmarchelier (1988) 
with species of beetles]. Other researchers found 
that this was not always true [Beckett et aL (1994), 
with insect pests]. 
Some efforts are now being made to correlate qual

ity measures with physically measurable characteris
tics, as a guide to breeding. 

Psychrometries and dryer control 

Control of a grain store, whether for drying or aera
tion, depends critically on the interaction between the 
product and the air. Criteria for an aeration control 
system are that it should be accurate, quick to react, 
stable, and tolerant of changes. Specific points to con
sider in aeration control are (Moreira and Bakker
Arkema 1992): 
• prevention of overdrying is a major concern; 
• feedback and adaptive feedforward can be success

fully applied, and a recent work even combines 
these two approaches; 

137 

• there is a wide choice for control objectives, for 
example, uniform drying, safety, lowest cost in one 
year, lowest cost over 20 years, maximum through
put, etc.; 

• there is always a trade-off with deep-bed drying 
between reduced costs and increased dry matter loss. 
In a detailed study of control and aeration strate

gies for near ambient systems for Canadian wheat, 
Ryniecki (1991) analysed humidistat control, time 
clocks, varying airflow rates, and burner strategies 
using a stochastic (probability) model of weather and 
drying. The drying model was based on Parti's for
mulation (Parti 1990) of the differential drying rate 
across a layer, converted to stochastic form by 
expressing temperature in the equation as a randomly 
tluctuating variable linked to weather conditions 
(Ryniecki et al. 1993; Ryniecki and Jayas 1992). This 
allows a probabilistic analysis of 20 years of weather 
data so that strategies which both guarantee and opti
mise aeration could be developed. 

They found that varying the airflow rate and con
trolling the relative humidity by air selection worked 
best with time-varying humidity limits, where the 
band of acceptable air was increased if weather con
ditions continue unfavourable, to ensure enough 
hours of aeration (Ryniecki et a1. 1993). This uses the 
same principle as the Australian CSIRO's propor
tional controller, a mechanical device for ensuring 
sufficient aeration hours. 

Banga and Singh (1994) have also developed a 
technique for optimising aeration conditions, based 
on optimal control theory. What is especially interest
ing about their work is that instead of optimising from 
the perspective of achievement of technical goals 
(such as least cost, final moisture), they have also 
optimised on quality, including maximum nutrient! 
enzyme retention, minimum process time, and maxi
mum energy efficiency as their control objectives. 
This emphasis on final product quality is a growing 
trend in grain storage research. 

A further advance in modelling has bcen through 
the association of expert systems with dryer models 
(Kawamoto ct al. 1992). In this case a simulation of 
harvest moistures based on weather data is coupled 
with an expert system which predicts likely pest out
breaks and suggests solutions. 

The area of aeration control is expanding rapidly as 
new techniques are developed for reducing the major 
cost of drying of grains. This is possible through psy
chrometrics. 

Conclusions 

Three points should be emphasised. 
We have not yet reached the stage where a 

mechanical dryer is the only solution. In most areas 



in Southeast Asia, sun drying is the preferred option, 
not just for the sake of tradition but in terms of pure 
economics. 

As Asian countries move towards increased GNP 
and a resulting increased wage level, the trend will be 
away from rural employment towards mechanisation, 
and the current research on dryer design, control, and 
optimisation will bear increasing fruit. 

Reducing costs and optimising dryer performance 
depends heavily on operators understanding their 
product and its interaction with air. This is the realm 
of psychrometry. High-temperature dryers are less 
dependent on operator skills, at the cost of reduced 
thermal efficiency at low moisture contents, whilst 
near ambient systems such as in-store dryers are 
heavily dependent on operator skills. For a large scale 
drying complex, massive savings are possible through 
a deeper understanding of the drying process, for 
example, cooling the grain at receival, two-stage dry
ing, and prevention of drying delays. 
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Design of Aeration and Drying Systems 



Design Parameters for Aeration and 
In-store Drying Systems 

C.J.E. Newman* 

Abstract 

This paper summarises some of the main engineering considerations and parameters for the design of aer
ation and in-store drying systems. 

Both aeration and in-store dryers operate on the principle of forcing ambient air through a mass of stored 
grain and. in many respects, the engineering design principles are much the same. Drying simply requires 
a larger volume of air. and in some cases the addition of some low-temperature heat. 

The paper covers the main aspects of designing systems for moving air through grain, most of whieh have 
been well documented in the past. The paper covers methods for determining: 
• the fan operation time fraction; 
• specific airflow rates for aeration and drying; 
• selection of airflow direction; 
• selection of air-duct distribution pattern; 
• airflow resistance in ducts; 
• airflow resistance in grain; 
• selection of fans: 

The paper presents some new ideas for aeration of large volume' squat' silos, but generally offers a guide 
to designers based on well known practices and past experience. 

IN-STORE drying and aeration both involve forcing 
ambient (or near ambient) air through a grain mass. 

It is well known that the forced movement of air 
through grain sets up both temperature and moisture 
fronts which move through the grain in the direetion of 
the airflow-the temperature front moving very much 
faster than the moisture front. Thus, grain aeration is 
likely to result in some moisture change, and in-store 
drying will cause changes in grain temperature. 

However. while similar in principle, the two prac
tices have very different aims: 
• In-store drying is carried out on relatively high 

moisture grain. and its purpose is to remove mois
ture from the grain to make it 'safe' for storage 
before fungal activity begins. Temperature control 
is a secondary consideration, except in high humid
ity conditions when it may be necessary to increase 
the air temperature with supplementary heat to 
reduce its relative humidity to a level where it will 
remove moisture. 

* Chris Newman and Associates Pty Ltd, P.O. Box 7185. 
Toowoomba Mail Centre. Queensland 4352, Australia. 
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• Aeration is normally performed on relatively low 
moisture grain with the purpose of eooling the 
grain in order to preserve it by maintaining its 
'condition'. Drying of grain is not a consideration 
when aerating, since the airflow rates are nor
mally too low to have much influence on moisture 
content. 
Cooling of grain by aeration significantly reduces 

insect population growth, mould growth. and loss of 
viability (or germination potential). In addition. aera
tion can prevent the occurrence of temperature dif
ferentials within the grain which can lead to moisture 
migration; it can also inhibit the development of 
odours and grain discoloration. 

This paper summarises the basic design parame
ters for in-store aeration and drying systems. The 
design of hot air continuous-flow dryers is beyond 
its scope. 

From an engineering designer's point of view, aer
ation and in-store drying systems differ principally in 
the quantity of air that is required, and the possible 
addition of supplementary heating (for drying). 
Other engineering factors come into play when con-



sidering some of the more sophisticated options for 
in-store drying, but the principal design parameters 
remain the same, and involve selection of: 
• fan operation time fraction; 
• specific airflow rate; 
• airflow direction; 
• air-duct distribution pattern; 
• air-duct sizes; and 
• fan or fans. 

The selection of the specific airflow rate is the most 
significant of these design considerations. Compared 
with this, the selection of duct configuration, duct 
size, and fan type are relatively routine design mat
ters. However, before the airflow rate is determined, 
it is important to select the fan operation time frac
tion. 

Fan Operation Time Fraction 

The fan operation time fraction is the percentage of 
time that fans operate when blowing air through a 
grain mass. 

In the case of an in-store drying system, the need 
for controlling fan operation is relevant only when the 
grain moisture has reached a level that is close to 
equilibrium with the average daily relative humidity. 
In normal drying operations, the fans are run 100% of 
the time (even during periods of rain) in order to min
imise the drying period. 

In aeration systems, the fans are normally switched 
on and off for the purpose of selecting only the 
cool est air in order to reduce the temperature of the 
grain. Various control systems are used-including 
manual controls, fixed time settings, time propor
tional controls, and more sophisticated systems which 
monitor both air and grain temperature and/or relative 
humidity. Automated systems are far more efficient 
than manual ones, both in temlS of minimising fan
hours and grain damage. 

The most commonly used controller in Australia is 
the time~proportioning controller (developed by 
CSIRO), which automatically turns the fans on when 
ambient air temperatures go below a set point. and 
turns them off when it goes above it. The controller 
automatically adjusts the set-point to ensure that the 
fans operate for a set proportion of time. By reducing 
the proportion of time that an aeration system oper
ates, the slower will be the rate of cooling of the grain 
(because less air is being used), but because it selects 
only the coldest air of the day, the controller ensures 
that the average temperature of the selected air will 
become lower as the aeration time fraction gets 
smaller. Hence, a time-proportioning controller has 
the effect of reducing the grain temperature as the 
time fraction is reduced. 

144 

Common practice (in Australia) is to select a fan 
operation time fraetion of 50% for initial cooling of 
newly harvested grain (to speed up the cooling proc
ess), and to reduce this to 15% for 'maintaining' the 
grain and for further reducing its temperature, once 
the initial cooling has been achieved. 

Specific Airflow Rates 

General 

The 'specific' airt10w rate is the quantity of air 
passing through a grain mass divided by the volume 
of grain it passes through (e.g. measured in litres of 
air per second per tonne of grain, or m3/minlm3). 
Adjacent to an air duct (Le. before the air passes 
through any grain) the specific airflow rate is infi
nitely large. As the air passes through the grain mass, 
the specific airflow rate becomes smaller and smaller, 
until it reaches a minimum value at the surface of the 
grain. It is this minimum value of specific flow rate 
that governs the cooling or drying performance of a 
system, since it defines the time that it takes for cool
ing and/or drying the grain mass. 

Thus, the minimum specific airflow rate governs 
the speed of the 'temperature front' in the case of aer
ation, and the 'moisture front' in the case of grain 
drying. Estimating the speeds of both these fronts 
depends on a number of factors, the principal factors 
being-apart from the physical properties of the 
grain-the temperature and moisture of the grain and 
of the air being passed through it. Air temperature 
and moisture are highly variable factors, and the 
design engineer must often rely on the work of the 
research scientist to assist in determining the airflow 
rates applicable for aeration and in-store drying, 
especially in subtropical and tropical regions in 
which ambient conditions may often be only margin
ally useful for either purpose. 

Aeration 

Ideally, the airflow rate should be sufficient to 
allow cooling of a newly harvested grain mass within 
a period of about 4-5 weeks in temperate areas. The 
cooling period needs to be much less than this in sub
tropical and tropical areas unless the grain moisture is 
uniformly below an equilibrium relative humidity 
level of around 70%. A value for the eooling period 
can be estimated from equation (1) (from Hunter 
1986): 

e 
q= GAOf

p 

where q is the airflow rate in m3/kg/sec; 

(1) 

£. is the porosity of the grain bed (say 0.41 for 
wheat); 



A is the cooling front velocity ratio (i.e. cool
ing front speed/interstitial air velocity) (say 
0.75 x I 0~3 as a conservative figure); 
e is the desired cooling time (in seconds-say 
3 x 106 for five weeks); 
G is the flow distribution factor (say 0.8 for 
vertical storages and 0.5 for horizontal stor
ages); 
f is the fan operation time fraction (say 50% 
for initial cooling); and 
p is the bulk grain dcnsity. 

The above equation may give airflow rates that are 
slightly lower than those commonly recommended. 
Alrllow rates commonly recommended for eooling 
aeration vary according to the climatic conditions and 
storage type, and these are summarised in Table 1 
(from Foster and Tulte 1982). 

Table 1. Recommended airflow rates for aeration. 

Storage type 

Horizontal 

Vertical 

Temperate climate 

0.8-1.6 Useclt 

0.4-0.8 Useclt 

Subtropical climate 

1.6 -3.2 Usec!t 

0.8-1.6 Usecl! 
---... ---.--------------

The need for higher rates in horizontal storages is 
to allow for the fact that air distribution is less uni
form. Higher airflow rates are recommended for 
warmer subtropical climates to provide more rapid 
cooling during the short periods when air tempera
tures are low enough to be used for aeration. 

Ambient aeration effectively brings the wet-bulb 
temperature of the grain into cquilibrium with the 
wet-bulb temperature of the air. All the benefits 
achieved through cooling of the grain through aera
tion (viz reduced insect activity, reduced moulding, 
etc.) are directly related to reduction in the wet-bulb 
temperature of the grain (or more specifically, the 
wet-bulb temperature of the interstitial air which is in 
equilibrium with the grain). 

In order to evaluate the effectiveness of aeration on 
a grain mass, dry-bulb temperature readings of the 
grain should be taken regularly and converted to wet
bulb readings using a psychrometric chart or conver
sion tables (such as Table 2 which applies to wheat 
and maize). For optimum results, grain should (where 
possible) be cooled to around 10-15°C. 

It should be clearly understood that the airflow 
rates which are useful for aeration of grain are quite 
insufficient to dry the grain other than to a very super
ficial extent. The benefits of aeration result only from 
the cooling of the grain and in equalising tempera
tures within the grain mass. 
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Drying 

In the case of in-store drying, the critical require
ment is not to preserve the condition of the grain, but 
to change its moisture content. The requirement is to 
dry it quickly enough that deterioration by moulding 
is prevented, and this may often require airflow rates 
50 to 100 times those used for aeration. 

The rate of moulding of grain is linked to its tem
perature and moisture content. Some species of 
moulds are active even at very low temperatures, and 
high moisture grain stored at or below freezing point 
may experience moulding if left long enough in stor
age. At high temperatures and high moisture, mould
ing takes place very quickly as can be seen from 
Table 3 (from Brooker et aI. 1992). 

Thc rate of drying-and hence the rate of airflow
must be such that the drying front passes through the 
grain mass before moulding starts. 

The drying time can be roughly estimated from a 
heat balance equation such as equation (2) (from 
Brooker et al. 1992): 

Vhfg{DM)(Mo Mc) 

6OQca(Ta -T g) 
where t = time (hours); 

(2) 

n = specific volume of the moist air used for 
drying (m3/kg); 
Ca specific heat of dry air (J/kgfDC); 
(T" Tg) = dry bulb temperature drop through 
the grai n mass; 
hfg = heat of vaporisation at saturation (J/kg); 
DM = dry matter weight (kg); 
Mo = initial grain moisture level (%); 
Me = equilibrium (final) grain moisture level 
(%); and 
Q airflow rate (m3/hour). 

Table 4 offers designers some general guidance 
on minimum airflow rates for wheat and maize 
(based on US. experience) in order to achieve dry
ing rates fast enough to avoid moulding in temperate 
climates. 

Note that slightly increasing the temperature of 
the air by adding heat will increase the rate of dry
ing. However, the recommended airflow rates 
should not be reduced to account for this, since the 
increased drying air temperature also increases the 
temperature of the moist grain above the drying 
front, and thereby increases the rate of mould devel
opment. The airflow rates in Table 4 are therefore 
recommended for both ambient air drying, and low 
temperature air drying. 



Table 2. Tabulated values of equilibrium wet-bulb temperature for grain at varying moisture content. 

Dry bulb grain temp 5°e looe [5°e 200 e 25°e 300 e 35°e 400 e 

(a) Wheat 

8% 3.7 6.5 9.6 12.3 15.3 

10% 2.5 7.2 11.0 15.2 19.5 24.0 

[2% 1.0 6.0 10.2 14.7 19.0 24.0 28.5 

14% 2.7 7.4 12.0 16.5 21.0 26.0 31.0 

16% 3.8 8.5 13.0 18.0 22.5 27.3 

20% 4.9 9.8 14.6 19.3 24.0 29.0 

(b) Maize 

8% 2.2 6.0 10.0 13.9 18.0 22.4 26.8 

10% -1.0 3.5 8.0 12.2 16.4 21.0 25.8 30.7 

12% 0.8 5.3 9.8 14.6 19.2 23.9 29.0 33.2 

14% 1.9 6.7 11.6 16.2 21.1 26.0 31.1 

16% 2.8 7.9 12.8 17.7 22.5 27.4 

20% 4.0 9.1 14.2 18.8 23.8 28.8 

Table 3. Storage life of maize. 

Maize temp (QC) Storage life in days under aeration for varying maize moisture 

15.5% 18% 20% 24% 30% 

-1.1 2276 648 321 127 61 

1.7 1517 432 214 85 40 

4.4 1012 288 142 56 27 

7.2 674 192 95 37 18 

10.0 450 128 63 25 12 

12.8 299 85 42 16 8 

15.6 197 56 28 11 5 

18.3 148 42 21 8 4 

21.1 109 31 16 6 3 

23.9 81 23 12 5 2 

26.7 60 17 9 4 2 

Table 4. Minimum airflow rates for in-store drying in uSA. 

Grain Grain moisture (% wet basis) Minimum airflow rate Minimum airflow rate (L/sec/t) 

Wheat 

Shelled maize 
and grain 
sorghum 

Source: USDA (1965). 

20 

18 

16 

25 

20 

18 

16 
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2.4 30 

1.6 20 

0.8 10 

40 50 

2.4 30 

1.6 20 

0.8 10 



The figures in Table 4 are consistent with those 
recommended for in-store drying of rice in near-tropi
cal conditions (such as in Southeast Asia) where it is 
recommended that minimum airflow rates of 1.5 m3J 
m3/min are adopted. In-store drying in such regions 
should not be attempted unless the initial grain mois
ture is not more than 18% and the grain bed depth is 
less than 4 m. 

Direction of Airflow 

Consideration of direction of airflow direction is 
more usually associated with aeration system design 
than with drying systems. In-store drying systems 
almost always involve upward movement of air 
through the grain. Aeration systems, on the other 
hand, can use either upward or downward airflow. 

There are advantages and disadvantages in both 
alternatives and there seems to be no universal con
sensus as to which option is better in any given cir
cumstance. The advantages and disadvantages of 
each are summarised below. 

Upward airnow aeration 

Advantages 

• The compression of the air as it is blown into the 
bottom of a storage, results in a small rise in air 
temperature and thereby a reduction in the relative 
humidity of the air. A temperature rise of 3-4°C 
can remove the danger of increasing grain moisture 
content in high ambient relative humidity condi
tions. This can be particularly important in sub
tropical climates where the lowest temperatures are 
recorded at night when relative humidity can be 
close to 100%. 

• In situations where warm grain may be added to a 
bin after aeration has begun, the use of upward aer
ation avoids the situation where air passes first 
through the warm grain, and thence downwards to 
warm the previously cooled grain underneath. 

• In hot conditions, air may be warmed under a stor
age roof. Upward aeration blows this warm air out 
of the storage, rather than pulling it down through 
the grain mass. 

• The last cooled layer of grain in the grain mass is 
the top surface layer, where grain temperature and 
moisture levels are easily checked. 

• Upward airflow results in more uniform air distri
bution, particularly in flat stores. 

Disadvantages 

• In cool conditions, the top surface of a grain mass 
will cool naturally, as will the roof of the storage. 
Upward airtlow through warmer grain may result 
in condensation of moisture in the cooler upper 
layer, or on the underside of the storage roof. [This 
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can be minimised by installing a small fan in the 
storage roof.] 

• Increase in grain moisture levels around the aera
tion duct can occur if the average relative humidity 
of the aeration air is above the equilibrium relative 
humidity of the grain. 

Downward airnow aeration 

Advantages 

• In cool conditions, including those applying to sub
tropical conditions, the risk of moisture condensa
tion under the storage roof and in the upper levels 
of grain is minimised. 

• In the event that high relative humidity air is used 
for aeration, any moisture increase in the grain is 
spread over the entire surface area, rather than con
centrated around the air inlet duct. [Not relevant 
where an elevated plenum floor is used.] 

• Greater cooling can be achieved because there is 
no heating effect from the fan. This can be impor
tant in tall silos where high static pressures are 
required. 

Disadvantages 

• There is no air temperature increase and reduction 
in relative humidity caused by the fan. This can be 
important in subtropical climates for the reasons 
described above. 

• The slowest area to cool is at the bottom of the 
grain bulk where monitoring of grain temperature 
is difficult. 

• It is inappropriate where warm grain may be 
loaded on top of grain that has already been cooled 
by earlier aeration. 

• Grain dust can be drawn down through the grain 
bulk and cause choking of the aeration ducts. 

• In silos with suspended steel floors: under freezing 
conditions in temperate climates, air may be 
warmed and moistened as it is drawn down through 
the grain bulk. This can result in severe condensa
tion when the air comes into contact with the silo 
base and cause ice build up in the grain, preventing 
emptying of the silo. 
lt can be seen from the above that there are no clear 

arguments in favour of one system or the other. How
ever, in Australia, upward aeration is more common 
than downward aeration, and most users in the USA 
are firmly in favour of upward aeration for the rea
sons given above. 

Air Distribution Ducting 

The method of distribution of aeration or drying air 
into a storage is important from the point of view of 
obtaining an acceptable uniformity of airflow in the 
grain mass. 



There are three main types of distribution systems: 
• elevated perforated storage floor; 
• above floor air ducts; and 
• in-floor air ducts. 

Elevated perforated storage floor 

The most efficient and uniform air distribution into 
a grain mass is achieved with an elevated perforated 
tloor in the base of the storage, which effectively pro
vides a 100% contact area between the grain mass 
and the incoming air (Fig. I). This type of floor is 
effective only in flat floored storages, and is more 
costly than the alternatives. It is, however, very com
monly used in the central mid-west of the USA where 
in-store drying is prevalent; some silo suppliers in the 
region manufacture pre-formed Iloor panels which 
lock together with light gauge support legs to form a 
relatively low-cost elevated perforated storage floor, 
suitable for cleaning out with a sweep auger. 

Above-floor air ducts 

More commonly, air is ducted into the grain mass 
(or out of it, in the case of downward aeration) by 
means of air-ducts that are either built into the storage 
floor, or are placed on top of it. Above-floor ducts are 
less costly, but make emptying of the storage more 
difficult, particularly with end-loaders or sweep con
veyors. Nevertheless, above-floor ducts are a practi
cal engineering solution, particularly when retro
fitting ducting to an existing storage Iloor, and they 
can be particularly useful in self-emptying bin bot
toms where their protrusion above the floor surface 
does not inhibit the discharge of grain. 

Above-Iloor ducts are usually made from corru
gated perforated steel sheet which is rolled into circu
lar or (more commonly) semi-circular shape and 

fitted to the floor of the storage. In flat storages where 
the grain height is low (less than 10 m), it is common 
to install the ducts in a manner that makes them easily 
removable to allow emptying of the storage with end
loaders and other portable equipment-for instance, 
round ducts may be secured with hoops or straps and 
fixed to the floor with bolts screwed into recessed 
sockets cast into the floor so as to avoid protrusions 
which interfere with cleaning when the ducts are 
removed (Fig. 2). 

It is not possible to corrugate and roll plate thicker 
than 1.6 mm, hence in deeper bins, where grain pres
sures are high, it is usually necessary to reinforce the 
duets wilh steel framing (Fig. 3). In the case of slop
ing (e.g. conical) bin bottoms, it is necessary 10 
securely anchor the ducts to the bin Iloor to prevent 
them being dragged down the floor with the grain 
(Fig. 4). Struetural analysis and design of these ducts 
is an art rather than a science, since the load imposed 
by,the grain on a duct is somewhat indeterminable 
and, furthermore, the load capacity of a reinforced 
corrugated steel duct is not easy to estimate accu
rately. Interestingly, in the writer's experience, few 
duct failures have occurred in bins of up to 2500 t 

capacity, whereas in larger capacity silos e5000 to 
70000 t) built in the 1980s, even heavily reinforced 
ducts have frequently failed as a result of unexpect
edly high grain pressures. 

An alternative to the use of corrugated rolled steel 
ducts, is the use of ducts formed with stainless steel 
'wedge-wire', as used for the manufacture of rotary 
screens. Ducts formed from this material are 
extremely strong, and hygienic in that they largely 
prevent dust and brokens entering the duct through 
the apertures. They are, however, very much more 
expensive than corrugated perforated plate (Fig. 5). 

elevated perforated metal flooring 
from folded light gauge steel 

folded light gauge plate floor 
supports staggered as indicated 

Figure 1. Method of construction of elevated plenum floor of a type commonly used in the USA. 
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Figure 3. Reinforced half-
round ducting often 
used in silo bases. 

perforated duct 

angle bracket 

4 

recessed fixing 

.y silo wall 

1 steel shroud (reinforced) 

air inlet duct 

'I 

alt~rnative air inlet J 

bolt flxings 

" 
'\ silofloor 
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floor 

Figure 2. Typical circular aer
ation duct often 
used in horizontal 
storages. 

half-round perforated duct 

pipe supports and bracing 
at (say) 600 centres 

angle base 

Figure 4. Reinforced half-
round ducling as 
used in conical silo 
bases. 



Figure S. Typical section through wedge-wire screen. 

Alternative above-floor ducts can also be fonned 
from 'solid' plate without perforations, in such a way 
that allow air 10 escape around the bottom edges of 
the duct (Fig. 6). These are not commonly used in the 
writer's experience, but should work satisfactorily if 
they are made strong enough to resist the grain pres
sures imposed on them (Fig. 6). 

solid sheet cover 

support 
frame 

air duct 

air escapes below 
sides of duct 

Figure 6. Non-perforated aeration duct, from which air 
escapes from below side walls. 

In-floor air ducts 

In-floor ducts are generally more expensive than 
above floor ducts, because the duct has to be formed 
(usually in concrete), and covered by a perforated 
steel plate placed flush with the floor surface to 
allow unrestricted movement of equipment for clean
ing the grain off the floor surface. The perforated 
plate must thus be flat, and therefore substantial rein
forcement must be provided, for example, in the 
fonn of an open lattice grillage made from welded 
steel flats (Fig. 7). 

Alternatively, it should be possible to use the 
folded perforated steel plate sections manufactured 
for elevated silo floors to fonn covers for in-floor 
ducts, although the writer has not seen this done. 

Where portable equipment (such as end-loaders) 
are used to remove grain from the storage, the wheel 
loads imposed on the duct covers are often more 
severe than the grain loads, and thus govern the 
design of the cover supports. 
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Duct Configuration 

Horizontal storages 

In 'horizontal' (rectangular) storages, ducts may be 
aligned across the storage or along the length of the 
storage. Both have certain disadvantages as follows: 
• Cross-floor ducts. In a storage where the grain is 

peaked in the centre by use of a longitudinal con
veyor, cross-floor ducts pass under varying depths 
of grain. As a result, the airflow rate from the 
outer ends of each duct will be higher than from 
the middle unless the ducting is modified in some 
way to minimise this, for instance by enlarging the 
duct below the centre of the storage. This has the 
combined effect of reducing the velocity head, 
and thus increasing the static pressure. It also 
increases the cross-sectional and surface areas of 
the duct, thereby reducing losses in that region 
(Fig. 8). 

• Longitudinal ducts. The floor of a large horizontal 
storage is often only partially covered--e.g. when 
the storage is partly filled. In such circumstances, 
longitudinal ducting is exposed in the unfilled 
areas, and large quantities of air will escape, 
bypassing the grain mass. 
Cross-floor ducting is usually the preferred option 

for horizontal storages because it allows easier con
trol of airflow into the grain. 

Ducts should be spaced as follows: 
• For in-store drying. the duct spacing should be not 

more than half the depth of the grain (Fig. 9). 
(Grain depth must be uniform for in-store drying.) 

• For aeration, the duct spacing should be such that 
the longest air-path from a duct to the grain surface 
is no more than 50% more than the shortest path 
from the same duct to the grain surface (Fig. 10). 

steel grillage 

.' -' 

concrete floor air duct 

Figure 7. Typical arrangement of in-floor ducting. 

Flat-bottom silos 

There are several options for air distribution sys
tems in flat-bottom silos which are less expensive 
than an elevated floor. The options include on-floor 
ducts and in-!loor ducts. 

Single radial duct. A single radial duct with an exter
nal fan can be used for aeration in small silos. However, 



duct enlarged at shed centre increases 
static pressure 

cross-floor aeration duct 

Figure 9. Duct spacing for 
in-store drying. 

storage building 

place fans at 
both sides of 
wide storages 

Figure 8. Arrangement of 
cross-floor aera
tion ducts and 
lateral duct 
enlargement in 
a large shed. 

min grain depth 
(at side wall) 

duct spacing < O.SH 

H1 + 01 ~ H2 + 02 < 1.5L 
H3 + 02 = H4 + D3 < 1 .5L2 

aeration ducts 
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Figure 10. Recommended 
spacing of longi
tudinal ducts. 



for large silos the duct size becomes excessive, and the 
air distribution pattern is not adequate. Single radial 
ducts are unlikely to be acceptable for in-store drying 
in silos. Multiple radial ducts are seldom (if ever) used 
because each duct requires a separate fan. 

Parallel ducts. Parallel floor ducts are commonly 
used for both aeration and drying, differing only in 
their size and spacing. Duct spacing requirements 
define the number and layout of the ducts. However. 
the designer has to select the manifolding arrange
ment for the fan or fans, unless each duct is to be fit
ted with a separate fan. A 'tree' formation of 
manifold and ducts is often adopted where multiple 
ducts are fed from a single fan since this minimises 
the effective length of the path for the ducted air 
(Fig. 11). 

V-ducts. V -formation ducts are commonly used to 
distribute air from a single fan into the base of flat 
bottom silos (Fig. 12). For in-store drying, this 
arrangement is suitable for only relatively small 
diameter bins, since in larger bins the space between 
the ducts becomes excessive. V-formation ducts are 
almost always recessed into the tloor of the silo. 

Perimeter ducts. Perimeter ducts have been suc
cessfully used for grain aeration in some relatively 
large (3000 t) tlat-bottom silos designed by the author 
(Fig. 13). The aim was to provide good air distribu
tion while leaving the silo floor free of protuberances. 

Quarter-round comlgated perforated steel plate was 
used to form the ducts, and each section of duct was 
hinged against the silo wall to permit easy access for 
cleaning brokens and dust. 

Circumferential ducts. In 'squat' silos (i.e. silos 
with small wall-height to diameter ratio), the grain 
depth varies significantly from the outer perimeter to 
the centre of the silo. The length of airflow path (and 
hence the static pressure needed to force the air 
through the grain mass) thus varies significantly 
from the silo wall to its centre. Parallel ducts placed 
in the floor (even an elevated bin tloor), are likely to 
result in a concentration of airtlow towards the outer 
perimeter of the grain mass (where the airllow resist
ance is least) and substantially less airtlow in the 
centre of the silo. The author has recently designed a 
system of circumferential in-tloor ducts for grain 
aeration in such silos, each fitted with its own fan (or 
fans), and each duct and fan 'set' individually sized 
to suit the mass of grain above it. Thus, the fan serv
ing the centre of the bin has a relatively low airtlow 
rate but high static pressure, while the fan (or fans) 
serving the perimeter of the bin have a high airflow 
rate (because of the larger volume of grain around 
the perimeter) and a low static pressure (because of 
the lower grain depth). The system is so far untried. 
but is expected to be put into use on a project in 
China in the near future (Fig. 14). 

manifolding duct 

parallel ducls 
in silo base 

reclaim tunnel 

Figure 11. Typical parallel duct arrangement in a flat floor silo base. 
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Figure 13. Arrangement of perimeter 
ducting in relatively large 
flat-bottom silos. 
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Figure 12. Typical V -duct arrange
ment in a flat-bottom silo. 



intermediate pressurel 
volume fans 

grain discharge chute 
ELEVATION 

PLAN VIEW 

aeration vent 

middle core of grain 

outer core of grain 

undersilo 
conveyer 

low pressure high volume fan 

high pressure low volume fan 

inner duct (one fan) 

second duct (one fan) 

....- third duct 
~ (two fans) 

- outer duct 
(two fans) 

Figure 14. Aeration fan and duct arrangement for a 40 m diameter, 10 000 t silo. 

Hopper bottom (self-emptying) silos 

Hopper bottom silos are not often used for in-store 
drying of grain, since they are usually associated 
with high throughput requirements, which are gener
ally inconsistent with the requirements for in-store 
drying. Aeration equipment is, however, often fitted 
to hopper-bottom silos to allow the silos to be used 
for 'holding' the grain for short periods without 
deterioration before shipping. Aeration is also often 
fitted to hopper bottom bins for cooling of grain after 
drying. 

Aeration ducting in hopper-bottom silos is usually 
either perimeter-type or radial-type or a combination 
of both. Above-floor ducts are used in hopper bottom 
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silos since there is no special advantage (but large 
extra costs) in building them in-floor. 

Vertical ducts 

Vertical ducts attached to the silo walls have occa
sionally been used for aeration of bins in such manner 
that air is blown (or sucked) horizontally across the 
grain in the silo, out from one duct and into the other. 

Apart from requiring long ducts (full wall height) 
which are difficult to install, the biggest problem with 
them is the same as with longitudinal ducts in hori
zontal storages-they must be covered with grain if 
they are to work, and it is not possible to aerate a par
tially filled silo with them. There are few, if any, cir
cumstances where they can be recommended. 



Airflow Resistance in Ducts 

Air movement in ducts 

Air passing through ducts will lose energy from 
frictional effects associated with the duct shape, sur
face, turbulence, etc. This loss of energy results in a 
gradual loss in 'total pressure' (or head) as the air 
moves through the duct. 

Total pressure is the sum of the static pressure and 
the velocity pressure. Static pressure is the 'normal' 
pressure that the air applies to the walls of the duct 
that it passes through; velocity pressure is the compo
nent of pressure that results solely from the move
ment of the air, and is equal to V2/2g, where V is the 
velocity of the air, and g is the acceleration due to 
gravity. As air passes through a duct system, its 
velocity will change where the duct size changes; 
thus, where the duct size increases, the velocity pres
sure will decrease and the static pressure will 
increase, and vice versa. Along the duct system, how
ever, the total pressure (the sum of the velocity and 
static pressures) will gradually diminish. 

Airflow resistance in ducts depends on the size, 
shape, and smoothness of the duct and the velocity of 
air passing through it and the temperature of the air. 
Friction losses in straight ducts are normally deter
mined from charts. Elbows, bends, T-junctions, etc. 
can add significantly to friction losses-for instance, 
a single right-angle 'mitre' bend in a square duct is 
equivalent to adding a straight duct with a length of 
about 75 times the depth of the duct. (Note: giving the 
bend a radius equivalent to the depth of the duct 
reduces the friction loss to an equivalent length of 
duct 1I times the depth.) 

In most grain aeration and drying situations, duct 
lengths are short and few bends are required. In most 
circumstances, provided the air-velocity is kept low 
enough (see below), friction losses in ducts are small 
compared with the losses in the grain. 

Air movement through duct perforations 

The pressure drop through a perforated duct cov
ered with grain can be estimated from Equation (3) 
(Brooker et al 1992): 

AP l.oi Qa J2 
leOf 

where: e ~ void space in grain (%) 

(3) 

and Of - percentage opening in duct surface 
(%). 

where: Of> 10%, the pressure drop through the duct 
can be ignored. 
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Selection or air-duct sizes 

Much work has been done recently in refining the 
methods of detennining the optimum size of ducts for 
distributing air into a grain mass, and software is now 
available for carrying out these calculations (Wilson, 
S.G. 1991. Duct: a PC Program for designing seed 
store ducts. Personal communication). However, in 
the absence of such tools, there are two well recog
nised 'rules of thumb' which can be used to estimate 
the size of ducting that will minimise head losses. 
• The cross-sectional area of the duct should be large 

enough such that the velocity of the air in the duct 
is not more than 10 m/second. 

• The surface area of the duct should be large 
enough such that the escape velocity of the air 
from the duct into the grain is not more than 0.15 
mlsecond (assuming a duct perforated area of 
approximately 10%). 
Commonly used perforations suitable for grain aer

ation are 2.5 mm diameter holes at 6.25 mm (triangu
lated) centres, giving an open area of around 15 %. 

Airflow Resistance in Grain 

There are various methods of detennining the resist
ance of airflow through a grain mass, from which the 
fan characteristics and power requirements can be 
determined. Holman (1966) presented a simple 
graphical method in the form of curves for different 
types of grain, relating bed depth to static pressure, 
from which fan power could be detennined. 

Shedd's formula (Equation 4) is another method 
which can be used to calculate the airflow resistance 
per unit metre of grain depth: 

2 
I'J" = aQ.; 

fn(l + bOa) 
(4) 

where I:J.P' = pressure drop per unit depth of grain 
Qa ~ airflow rate per unit area of floor 
a and bare Shedd's constants which vary for 
each type of grain. Constants for some com
mon grains are given in Table 5. 

Shedd's fonnula gives results that are satisfactory 
for clean grain in small storage, but it does not reliably 
account for dirty grain or for deep masses of grain. It is 
suggested that the calculated pressure drops be 
increased by at least 50% to allow for factors that 
could restrict the airflow. Various studies have been 
conducted under a range of grain conditions from 
which Shedd curve multipliers can be detennined 
based on variations in fines content, moisture content, 
filling method, and airflow direction (Brooker et al. 
1992). It appears from some of these results that: 



• a 3-5% fines content can increase airflow resist
ance by 50% above that for clean maize; 

• the pressure drop per metre of maize reduces by 
about 50 PaJmetre per m3/sec/m2 of air flow (Qa)' 
for each I % increase in moisture content; (the pres
sure drop for wheat changes by 200 PaJmetre per 
Qa per 1 % increase in moisture content); 

• the use of mechanical grain spreaders in the inlets 
of silos ean reduce airflow resistance significantly 
below Shedd's values; and 

• the resistance to airflow through grain in a horizon
tal direction is significantly lower than in the verti
cal direction. 

Table 5. Shedd's constants for airflow resistance. 

Grain a b 

Wheat 2.70 x 8.77 

Shelled maize 2.07 x 104 30.40 

Paddy 2.57 x 104 13.20 

Sorghum 2.12 x 104 8.06 

Barley 2.14x 104 13.20 

Oats 2.41 x 104 13.90 

Rapeseed 3.99 x 104 4.20 

Soybeans 1.02 x 104 16.00 

Sunflower 2.49 x 104 23.70 

Source: (ASAE Standards 1988) 

Selection of Fans 

Having determined the required airflow rate and the 
pressure drop in the system, it is a relatively easy mat
ter to select the appropriate fan to meet the perform
ance criteria. 

Selection is best made from performance curves 
supplied by manufacturers. However, there are a few 
basic guidelines that designers should be aware of: 
• Axial fans are most suited where static pressures 

are predicted to be less than I kPa. Above 1 kPa, 
centrifugal fans are likely to be more efficient. 
Thus, axial fans are usually used for aerating shal
low depths of grain, whereas centrifugal fans are 
more commonly used on vertical silos. 

• Axial fans are not generally suited to grain drying 
• Axial fans are noisier than centrifugal fans because 

they usually operate at around 3000 rpm (compared 
with J 500 rpm for centrifugal fans). Sound attenua
tors may need to be fitted in noise-sensitive locali
ties. 

• Centrifugal fans should normally be of the back
ward-curved-blade non-overloading type. Use of 
this type of fan avoids overloading of the motor in 
situations when the airflow resistance is lower than 
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normal and airflow rate higher than predicted-for 
example, when the storage is only partially filled. 
Fans with forward curved and straight blades will 
draw more air (and current) under such conditions, 
causing motor overloading. 

Where a storage is designed so that it can be sealed 
for fumigation, the designer should specify fans that 
are readily sealable, and which have no exposed cop
per components which can be chemically attacked by 
phosphine gas. In the case of centrifugal fans, this may 
require minor modifications to the fan casing, for 
instance to allow bolting of a 'blanking' plate over the 
air inlet, and a gland or stuffing-box seal should be fit
ted where the impeUer shaft enters the fan casing. 
Axial fans may need to be removed during fumigation 
with phosphine unless the motor and wiring can be 
sealed sufficiently to prevent entry of phosphine. 

Conclusion 

The paper describes the basic principles for the 
design of aeration and in-store drying systems. Space 
precludes a complete coverage of the subject, and 
designers should refer to some of the standard texts in 
the reference list for more detailed information, par
ticularly relating to particular circumstances. The 
design parameters offered in this paper have been 
used by the author in a number of installations, and 
they have given good service in practice, which indi
cates that the parameters are at worst conservative 
and at best reasonably sound. 
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Control Systems for Aeration and 
Drying of Grain 

G. Srzednicki* 

Abstract 

Automatic control systems are becoming increasingly popular in grain drying processes. They include 
measurement, steering, monitoring and recording functions. The advantages include improvement in the 
product quality, minimisation of energy use, optimisation of labour inputs, and increased effectiveness. A 
good understanding and analysis of the drying process is essential for the design of a control system. The 
control systems for in-bin aeration and drying systems aim to regulate the fan operations. They will also 
control heater operations whenever heat is added to the drying air. In continuous-flow dryers, the parameters 
controlled are the drying air temperature and the speed of augers. The most common control systems used 
for grain drying are discussed. With increased interest in mechanical drying of grain under tropical condi
tions. the possibilities for introduction of automatic controllers are currently being investigated. This is oc
curring as a spin-off of the adaptive research in in-store drying that has been conducted over the last ten 
years by several ACIAR projects in Southeast Asia. It can be expected that the increasing adoption of me
chanical drying systems in the countries of the region will be followed by the introduction of control sys
tems to optimise the use of the equipment. 

AUTOMATIC control plays an increasingly important 
role in the modem production processes and logistics. 
Even a well-trained operator cannot optimise a proc
ess purposefully and unequivocally. This is because 
production processes often involve non-linear rela
tionships and dependencies. Rapid progress in the 
theory and practical applications of control systems 
has contributed to an improvement of productivity 
and perfonnance optimisation. Also, reduction of 
fatigue of operators performing monotonous and 
repetitive tasks has resulted in a decrease in human 
errors. Operations involving temperature, humidity, 
pressure, speed, and viscosity will nonnally be con
trolled by microprocessor-based systems. Mathemati
cal models are thc basis for computcr simulations that 
enable engineers to define the statistical limits of val
ues for parameters that are usually subject to random 
effects. The great advantage of this approach is the 
move from an empirical to a model approach, where 
changes in values of parameters can be tested quickly 
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instead of time-consuming building and testing of 
prototypes. 

The control systems originated in the eighteenth 
century in the fonn of a speed controller for a steam 
engine designed by James Watt. Modern control the
ory emerged between World Wars I and n, through 
the work of Minorsky on ship steering controls that 
could be derived from differential equations describ
ing the system. Later, Nyquist developed procedures 
to detennine the stability of closed-loop systems 
based on the response of open-loop systems to the 
response of steady-state sinusoidal inputs (Ogata 
1990). A very rapid development of control systems 
took place on the arrival on the market of affordable 
digital computers. This led to the widespread use of 
control systems in diverse areas including manufac
turing, biological and biomedical applications, and 
transport and entertainment. 

A sound understanding of the process that is to be 
controlled is essential for the design of a control sys
tem. The initial analysis examines the requirements 
of production and the capacity of the equipment used, 
the proposed control strategies, and the schedule of 
operations. It also includes an initial analysis of the 
potential benefits of the system. 



Mechanical drying, as an industrial operation, has 
seen applications of control systems for many years, 
especially for large-scale operations. However, with 
the decrease in cost of microprocessors, control sys
tems have become increasingly accepted to capture 
the same advantages that they have brought to other 
areas of industrial production. 

Grain Dryer Controls 

Drying of grain to reduce the water activity of the 
product is the safest method of preserving grain from 
further deterioration during storage. The main types 
of dryers are in-bin dryers, using ambient air with or 
without supplemental heat, and continuous-flow dry
ers using heated air. There are also combinations of 
both systems, developed within the concept of two
stage drying. In a two-stage drying system grain is 
dried using a high-temperature fast dryer down to a 
moisture content of about 18% wet basis (w.b.), and 
then down to a safe storage moisture content (gener
ally 14% w.b.) in an in-bin dryer using near ambient 
air. The latter is called an in-store dryer since grain 
will be stored after drying in the same bin or store 
(Srzednicki and Driscoll 1994). During extended 
storage, grain will usually also be aerated in order to 
further reduce the risk of deterioration. 

The two main types of grain dryers require specific 
control systems related to their mode of operation. 
However, the principal objectives of the control sys
tems are the same: 
• uniform moisture distribution in the mass of grain 

without over- or under-drying; 
• prevention of grain deterioration; 
• optimum grain quality; 
• maximum capacity; and 
• low energy consumption. 

Controllers, relevant components of the dryer, and 
the operator interact to achieve these objectives. The 
level of the interaction is used to classify different 
types of controls as follows (Pym and Adamczak 
1986). 

Manual systems 

Information about the process is collected by the 
operator on dials or chart recorders and analysed 
according to established procedures or experience. 
The decision is made by the operator and translated 
into action through manually operated switches or 
levers. 

Supervised systems 

These could also be called semi-automatic sys
tems. The operator receives information about the 
ongoing process on displays with adjustable setpoints 
that are providing a partial feedback control. How-
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ever, some decisions have to be made by the operator 
according to established procedures and translated 
into action by adjusting setpoints or switches. 

Automatic systems 

Here, the function of the operator is largely taken 
over by a microprocessor that is programmed to inter
act between the information supplied by the sensors 
and the appropriate action to be taken by relays or 
actuators. The system will automatically handle most 
of the alarm conditions and also provide automatic 
reporting. There is still need for an operator to reset 
the system in case of a power failure or emergencies, 
but their involvement will be minimal as compared 
with the two previous systems. 

Automatic control systems use algorithms based on 
mathematical models representing physical and chemi
cal characteristics of the process, and information 
obtained through simulation or experiments. Mathe
matical simulations describe the process with suffi
cient accuracy to predict the result without the need for 
use of empirical methods. The introduction of auto
matic controls results in optimisation of performance 
of dynamic systems, in increased productivity, and in a 
reduction in drudgery and the risk of human error. 

Control theory uses specific terminology that is 
defined in a number of textbooks (e.g. Shinskey 
1988; Ogata 1990). The following terms are used 
throughout this paper: 
• A controlled variable is a quantity or condition that 

is measured and controlled. 
• A manipulated variable is the quantity or condition 

that will be changed in order to achieve the desired 
value of the controlled variable. 

• A closed-loop system or feedback control is a sys
tem that reduces error in order to produce required 
output. The latter is generally referring to the prod
uct created by the process. 

• An open-loop system is one in which there is no 
relation between control action and output. 

Control Systems for Continuous-flow 
Dryers 

Continuous-flow high-temperature dryers are used 
for drying large quantities of grain, generally in sev
eral passes, from field moisture down to at least 18% 
w.b. moisture content. This is a continuous operation 
involving grain of different initial moisture contents 
and therefore requiring appropriate adjustments of 
the residence time. The main types of continuous
flow dryers used in the grain industry are: 
• crossflow; 
• concurrent-flow; 
• counterflow; and 
• mixed-flow. 



A comprehensive review of control systems for 
continuous-flow dryers can be found in papers by 
Bakker-Arkema et al. (1990) and Moreira and 
Bakker-Arkema (1992). The following cover the key 
points. 

The residence time of grain in the dryer is the fac
tor that determines the final moisture content and 
consequently the quality of the grain. Over-drying 
and under-drying are undesirable and lead to reduced 
profits of the plant. The operator or the control sys
tem has to adjust the speed of the unloading auger for 
a given temperature and initial moisture content of 
the grain. Control systems have been developed in 
order to minimise over-drying and under-drying of 
grain as compared with the manual intervention of 
the operator. An evolutionary process led to develop
ment of five generations of controls. 

Classical feedback control 

In earlier days, the operator checked the inlet and 
outlet moisture content on an hourly basis and adjust 
the speed of the auger manually. The first automatic 
controllers were temperature-triggered feedback con
trollers, measuring the temperature of the grain or of 
the exhaust air at different locations in the drying col
umn. However, because of the non-linearity of the 
drying process, and lack of a consistent relationship 
between the moisture content and the temperature of 
the exhaust air, such systems were unreliable, espe
cially if the moisture content changes exceeded 3% 
w.b. For this reason, the temperature-activated sys
tems have gradually been replaced by moisture-acti
vated ones. 

The classical feedback controls are based on pro
portional-integral (PI) or proportional-integral-deriva
tive (PID) closed-loop controls using algorithms that 
minimise the error between the output and the control
led variable. These controllers perform well if the rela
tionship between the controlled and the manipulated 
variable is linear and if the time response is short 
(Whaley 1995). As already mentioned, nowadays, the 
controlled variable in this case is the grain moisture 
content. However, the classical feedback system is 
unstable if the moisture range is wide. This is due 
again to non-linearity of the drying process and the 
grain flow. An attempt has been made by Whitfield 
(l988a,b) to overcome this problem by modifying the 
control algorithm so as to increase the bandwidth of 
moisture range. This implies an initial tuning of 
parameters by the operator as well as recalibration, 
especially if there are differences in the bulk density of 
the grain. Another problem, common to all feedback 
controllers, is a slow response of the controls in case 
of long residence time in the dryer. In recent times, 
attempts have been made to increase the robustness of 
the controls by using linearising transformations in the 
control software (Courtois et al. 1995) 
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Optimal feedback control 

This type of control uses an algorithm based on a 
process model approximating the drying model. The 
technique used attempts to minimise the governing 
equation by quadratic programming. In spite of the 
great accuracy of this type of control, the difficulty in 
defining the governing equation and a high computa
tional requirement make this type of control unlikely 
to be adopted on a commercial scale. 

Feedforward control 

The principle of this type of control is based on a 
continuous or intermittent measurement of the main 
load variable, i.e. the initial grain moisture in a con
tinuous-flow dryer. The residence time is calculated 
by the model based algorithm and the response time 
is very short. Differential equations have been devel
oped for the transient analysis of concurrent-flow, 
crossflow, and mixed-flow dryers. Empirical models 
have then been derived from the differential equa
tions in order to simulate the operation of each of 
these three types of dryer. Whitfield (1986) used a 
steady-state simulation to predict unsteady states 
caused by varying inlet moisture contents for control
ling concurrent and counter-flow grain dryers. 
Moreira and Bakker-Arkema (1990a) developed a 
partial differential equation model that describes the 
unsteady-state operation of a two-stage concurrent
flow dryer for maize. This model was used to design 
an automatic control system for such a dryer. Platt et 
al. (1991, 1992) combined a feedforward and feed
back control in order to incorporate the use of 
optional features for cross-flow dryers, such as 
inverters (aiming at reducing gradients in grain tem
perature and moisture across the dryer) and air recir
culation. Bruce and McFarlane (1993) developed a 
feedback-plus-feedforward algorithm that eliminates 
the influence of variations in drying air temperature 
in mixed-flow dryers. 

Adaptive control 

The previously described feedback and feedforward 
controllers are characterised by fixed parameters used 
in the control law. Since a dryer operating under nor
mal commercial conditions faces the problem of fluc
tuations in inlet grain moisture and temperature of the 
drying air, this type of control system often results .in 
inaccurate control, leading to increased variability of 
the final moisture content in grain. The adaptive con
trol system enables the controller to tune itself in spite 
of such fluctuations. A number of researchers worked 
on the process model for adaptive control. A mois
ture-activated feedforward controller for a crossflow 
dryer has been developed by Forbes et al. (1984). 
Nybrant (1988) developed an adaptive feedback con
troller for crossflow dryers, based on a linear model 



using exhaust air temperature. Eltigani and Bakker
Arkema (1987) developed an adaptive model based 
on feedforward control for crossflow dryers. It is a 
two-term linear model with model parameters esti
mated by the sequential least square method. An adap
tive feedforwardlfeedback control for crossflow 
dryers has been developed by Moreira and Bakker
Arkema (1990b). Two linear models have been pro
posed by the authors, namely the generalised mini
mum variance controller and the pole placement 
controller. The pole placement controller was found to 
be faster, required fewer parameters to be estimated, 
and was easier to implement. It controlled the final 
moisture content of grain within ±O.I cC of the set
point for a moisture content differential of ±2.3% w.b. 
in the incoming grain. 

Fuzzy logic (expert) controllers 

The complexity of the control objectives, espe
cially when the quality aspects of grain are con
cerned, often make them difficult to achieve using 
conventional controls based on a set of governing 
equations. This is often due to insufficient under
standing of such phenomena as breakage susceptibil
ity. Therefore, research has been carried out in recent 
years on fuzzy logic control and neural network strat
egies control that combine mathematical models of 
the drying process and the experience of the operator. 
The result is a set of rules, kept in a knowledge base, 
that convert linguistic control strategies into auto
matic commands (Zhang and Litchfield 1993, 1994). 
The rules are represented as membership functions 
called fuzzy membership matrices. The difficulty in 
implementing this type of control is that there is a 
large number of rules associated with fuzzy member
ship matrices. In order to implement the fuzzy logic 
control, the membership functions have to be fine
tuned using a wide range of process conditions, 
which often proves very time consuming. Although 
very promising at an experimental stage, fuzzy con
trol usually requires a considerable amount of his tor i
cal process data in order to be included in industrial 
applications. 

Control performance assessment 

Douglas et al. (1992) describe a method for quanti
fication of control performance of moisture control
lers for continuous-flow dryers. The authors 
introduce two indicators of performance called per
formance measures PM I and PM2. They are defined 
as follows: 

PMI = SNT IS (I) out out 

where SNT = outlet standard deviation of the mois
ture under 'no touch' control, and Sout = outlet stand
ard deviation of the moisture with control. 
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PM2 = OSallowabldOSactual (2) 

where OSallowable = percentage amount of accepta
ble off-specification product, and OSactual = percent
age amount of actual off-specification product. 

The performance measures reflect the product 
moisture variation and the deviation of the mean 
from the target. The higher the value of the two indi
cators, the better is the performance of the dryer. 
Both performance measures can be used to compare 
performance of various types of continuous-flow 
dryers. 

Control Systems for In-bin Dryers 

The term 'in-bin dryers' describes a drying system 
that uses a fan and an air distribution system that will 
force drying air through the bulk of grain. The grain 
is contained in a bin that can be a metal or concrete 
silo or a horizontal warehouse. There is a range of 
types and sizes, varying in capacity from about 30 to 
several thousand tonnes. There are also various types 
of air distribution systems, such as perforated floors, 
in floor or on-floor horizontal perforated ductings, 
and vertical perforated ductings. 

In-bin dryers can be one or other of two types. In 
the high temperature type, hot air is blown through a 
shallow depth of grain in order to achieve rapid dry
ing. In the other type, air of near ambient tempera
ture, or only slightly heated (usually by a maximum 
of SOC above ambient) is passed through the grain 
mass. The relativc humidity of the drying air corre
sponds to the equilibrium moisture content of grain 
that can be stored safely without significant deteriora
tion. Grain can be dried in deep layers in the same 
bin, silo, or warehouse in which it will be stored. This 
technique is also called in-store drying. 

During extended storage, grain that has already 
been dried, will need to be aerated in order to: 
• reduce the grain temperature and prevent it from 

deterioration; 
• equalise the temperature throughout the bulk of 

grain; 
• control insects by preventing formation of hot 

spots; and 
• prevent formation of off-odours. 

The control system for in-bin drying or aeration is 
of the open loop type, which means the output is gen
erally not measured or fed back to be compared with 
the input. The control acts on the fan and heater in 
high-temperature dryers and in-store dryers equipped 
with heaters, or on the fan alone in in-store dryers 
using only ambient air and in grain aeration systems. 
The measured variable is the temperature or relative 
humidity of ambient air, whereas the controlled vari
able is the temperature or the relative humidity of the 
drying air. The grain temperature is an indication of 



the progress of drying. In grain aeration, grain tem
perature may become the measured variable, trigger
ing the fan action. 

There are various performance criteria associated 
with the use of control systems in in-bin drying 
(Bakker-Arkema et al. 1990; Ryniecki et al. I 993b). 
Among the most commonly used are: 
• energy consumption; 
• ovcr-drying; 
• spoilage estimated by different methods (e.g. spoil

age index, dry matter loss, etc.); and 
• drying time. 

Over twenty strategies have been proposed to 
meet these criteria (Moreira and Bakker-Arkema 
1992). They involve a range of parameters such as 
time, temperature, or relative humidity of the drying 
air, target moisture content in the top layer of the 
grain bulk, or estimated dry matter losses. Grain dry
ing mathematical models estimating the average 
moisture content of the grain bulk or grain quality 
criteria have been used to write control algorithms. 
Ancillary equipment aimed at improving the uni
formity of drying (grain stirrers) and reduce the 
energy consumption (recirculation) has been 
included in the control systems with varying degrees 
of success (Srzednicki and Driscoll 1994). Studies 
aimed at optimising values of control parameters are 
usually based on repeated computer simulations 
involving a large amount of historical weather data. 
Stochastic models of heat transfer in a thin-layer of 
grain and of ambient air temperature variation have 
been developed in order to further optimise the value 
of control parameters (Ryniecki and Jayas 1992). 
Most of the control strategies are based on experi
ence, but some involve mathematical optimisation 
techniques (e.g. Ryniecki 1991; Ryniecki and Nellist 
199Ia,b; Ryniecki et al. I 993a,b). Ryniecki et at. 
(I993a, b) compared two locations with different cli
malic conditions, one maritime (England), the other 
dry continental (Canada). A large number of compu
ter simulations using 20 years of weather data on a 
hourly basis has been run using different control 
strategies, based on relative humidity of the drying 
air with fixed or variable power heater or without 
heater, for near-ambient air temperature drying of 
wheat. The above-mentioned performance criteria 
have been used to assess the effectiveness of the 
process. The authors found that a fan and heater 
combination with variable power heater was the 
optimum system for the humid maritime conditions 
of England, whereas a fan-only system proved to be 
the optimum for the dry continental conditions of 
Canada. Furthermore, it was found that, for the fan
only system, variable airflow significantly reduced 
over-drying, energy consumption, and subsequently 
the drying cost as compared with fixed airflow. 
However, a variable speed drive needed to vary the 

162 

airflow rate implies additional investment in the dry
ing plant. As a result of this work, it appears that the 
choice of the strategy depends very much on the cli
matic conditions of the site and requires a careful 
study of the weather conditions before the selection 
of a control strategy. 

In high-temperature in-bin dryers the control is 
focusing on the temperature of the drying air and is 
the simplest of control systems for in-bin drying. As 
for the near-ambient temperature drying, the follow
ing strategies have been commercially adopted: 
• continuous aeration with additional heat (max. ~T 

= 6°C); 
• relative humidity control with upper limit; 
• relative humidity control with lower and upper 

limit; and 
• self-adjusting equilibrium moisture content. 

Grain aeration being a technique to maintain the 
quality of grain in storage consists in blowing cool air 
through the grain bulk. In temperate countries this 
process can involve cold ambient air during winter 
months, cool air during the night, or artificially 
cooled air if ambient air temperature is high. The 
control strategies eonsist in aerating either at regular 
intervals, using a timer, an air temperature based time 
proportioning controller (Pym and Adamczak 1986), 
or a grain temperature based system, activated by 
increasing temperatures in the grain. The difficulty 
with the time proportioning controller is that it disre
gards the relative humidity of ambient air and intro
duces the risk of grain rewelting. 

Applications of Control Systems under 
Humid Tropical Conditions 

Southeast Asia is one of major grain-producing areas 
in the humid tropics. Rice and maize are by far the 
main cereal crops grown in the area. Two or more 
crops per year are becoming a permanent feature in 
most of the countries. This implies that some of the 
annual crop will be harvested during the wet season. 
The region is currently characterised by very rapid 
economic growth resulting in higher purchasing 
power and increased demand for quality grain. In 
order to satisfy the domestic demand and the export 
requirements, the grain industry is improving the pro
ductivity, resulting in increasing adoption of modem 
technology in grain drying. Large grain complexes 
and mills are nowadays using high-temperature dry
ers, and control systems are often supplied as an 
option by the manufacturers. 

The two-stage drying technique with in-store dry
ing as a second stage is also being adopted by the 
grain industry (Srzednieki and Driscoll 1995). The 
technical feasibility of in-store drying under humid 
tropical conditions has been established through col-



laborative work over the past 12 years between the 
Australian team from the University of New South 
Wales and research teams in the Philippines, Malay
sia, Thailand and, more recently, Vietnam (Driscoll 
1987; Rukunudin et al. 1988; Driscoll and Adamc
zak 1988; Srzednicki and Driscoll 1992). Already, 
during the early stages of the research, some atten
tion was given to control systems for in-store dryers 
(Driscoll et al. 1989). As previously mentioned in 
comparing the strategies used for humid maritime 
and dry continental climate, in-store drying in the 
humid tropics requires a fan and heater for the wet 
season. Meanwhile, during the dry season, drying of 
grain can be performed satisfactorily using a fan 
only. The following four strategies have been 
devised and tested: 
a) time clock control (including continuous aeration); 
b) drying air temperature control; 
c) relative humidity control; and 
d) modulated burner control. 

Given the fact that mechanical drying is still a new 
technique, slowly gaining ground against sun drying, 
especially during the dry season, it is difficult to jus
tify additional investment in automatic control sys
tems. An experienced operator will often be capable 
of switching on the fan at certain times or off when 
relative humidity is outside a suitable range for dry
ing. A thermostat will also provide a crude control of 
the drying air. However, optimisation studies com
paring drying cost for three of the above four strate
gies (a, c, and d) in different locations throughout the 
region (Malaysia, Philippines and Thailand) in dry, 
wet, and average years, for paddy and for maize, have 
shown that relative humidity control was the least 
expensive strategy followed by continuous aeration 
(Srzednicki and Driscoll 1993). The trend to generate 
supplemental heat by use of a rice hull furnace is 
reducing considerably the cost of heat energy in Viet
nam (Ph an Hieu Hien and Nguyen Le Hung 1995). 
Rice hull furnaces for in-store dryers are also under 
development in Thailand and the Philippines. 

As far as aeration is concerned, a grain cooling sys
tem aiming at maintaining grain temperature at 19-
20°C has been implemented at seventeen grain com
plexes of BERNAS, the recently corporatised rice 
handling authority in Malaysia (Teoh and Hassan 
1995). The control system is based on the grain tem
perature and cooling is triggered by the maximum 
temperature grain is allowed to reach. 

Hardware for Control Systems 

The most commonly used process control methods 
today incorporate digital controllers. Among them is 
a considerable number of PID type feedback single 
loop controllers. Larger control systems will use 
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programmable logic controllers (PLC). PLCs handle 
well a linear process with large time constants. 
However, model based controls will often require a 
large computational power and will require the use 
of process computers. The prices of PLCs and 
microcomputers have fallen considerably in recent 
years, making them more affordable for potential 
users. Sensors are an essential component of the 
system. There is a wide range of qualities and 
prices. Some of the sophisticated in-line moisture 
meters for continuous-flow dryers may be worth an 
equivalent of a medium capacity dryer. It is obvious 
that their chance of adoption is limited to very large 
capacity units, generally owned by large grain 
authorities. 

As far the control system for in-store drying is con
cerned, given that it is based on the temperature or 
relative humidity sensors, plug-in data acquisition 
cards offer a cost-effective alternative to PLCs. Plug
in data acquisition boards plug directly into the 
expansion bus of a Pc. Multi-function data acquisi
tion boards include analog/digital converters, digital 
input/output ports as well as counter/timer circuitry. 
A multi-function card (Fig. I) can be interfaced with 
a signal conditioning board for analog data input 
(from sensors) and a relay board that triggers differ
ent actions required by the process (e.g. fan, heater, 
dampers). 

Conclusions 

Control systems for grain dryers have shown rapid 
development in the last fifteen years. For high-tem
perature dryers, the control parameters are exit air 
temperature or the moisture content of the inlet and of 
the exit grain on one hand, and the speed of the dis
charge auger on the other. The grain moisture based 
controls are more accurate, but the cost of the system 
is higher, primarily due to the cost of the sensor. 
Among the commercially adopted systems are the 
classical feedback control and the adaptive feedback! 
feedforward control. The feedback control is gener
ally slow if the residence time is long. The adaptive 
feedbacklfeedforward controller provides fast 
response and reduces the fluctuations of the moisture 
content in the exit grain irrespective of fluctuations in 
the moisture of the inlet grain. 

As for the control system of in-bin drying, the con
troller acts on the fan and the heater, if the latter is 
required. The climatic conditions of the location 
determine which strategy is to be adopted. A single 
strategy may only partially satisfy the performance 
criteria (low energy consumption, prevention of over
drying, low spoilage, short drying time). Optimisa
tion techniques are being used in order to reconcile 
the performance criteria. 



Signal conditioning board 

Computer plug-in 1/0 card 

HIi§H!..!·!i!li' Relay driver board 

Jo'igure 1. Data acquisition board with secondary boards (adapted from !DC 1995). 

Control systems are also being introduced for in
store drying in the humid tropical climate of South
east Asia. Relative humidity control and continuous 
aeration prove to be the most successful techniques 
for a range of climatic conditions in Southeast Asia. 
However, the rate of adoption of controllers is slow, 
except for large capacity dryers. This situation is 
related to relatively high cost of control equipment as 
compared with low margins for high quality grain. 
Plug-in card based systems may become an attractive 
option, promoting adoption of automatic controllers 
and resulting in improvement of grain quality and 
reduction of the cost of grain processing. 
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Evaluation of Available Technology 



Socioeconomic Factors as Determinants 
of Drying Technology Requirements 

B. Fegan* 

Abstract 

The unalterable realities of climate, technology, and economics of the grain industry dictate fhat only fairly 
large scale users can profit from drying and storage technology. To design for fhem has been interpreted as 
in conflict wifh fhe development and ethical objectives of publicly funded research; fhat is, that it should 
benefit small producers and consumers. It appears unlikely that the state would be willing or able to subsi
dise sufficient small units, on a sustainable basis, to dry a significant proportion of the crop. Low adoption 
rates for unsubsidised small units. problems inherent in cooperatives. and contraction of parastatal grain 
handling indicate that neither designing technology for the small producer nor attempts to redesign social 
organisation to fit feasible technology (via cooperatives), has benefited producers or consumers. If the suc
cess of technology is to be evaluated by whether it is adopted, saves grain, and benefits consumers, then 
drying and storage technology should be designed in consultation wifh fhe medium-scale commercial users, 
to be profitable at the scale of fhose who actually handle the crop after harvest. 

THIS paper has two sections: method and findings. 
The first sketches a method of rapid socioeconomic 
rescarch on product chains that I developed to carry 
out appraisal and feasibility studies of applied sci
ence projects. In the section on findings, I argue that 
over-emphasis on the equity goals in bodies that 
fund cooperative international applied science and in 
policies of some developing countries toward their 
grain industries, had unintended consequences that 
delayed the development and adoption of grain-sav
ing technology. 

Method of Rapid Appraisal of 
Product Chains 

I began doing the 'socioeconomic' part of appraisal 
and feasibility studies of proposed applied science 
projects in the late 1980$. The terms of reference did 
not detail what was my task or how to do it, and the 
literature was silent. The limit for any field study 
was and remains two weeks. About half of that 
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would be spent in meetings and looking at the physi
cal and human resources of the proposed developing 
country eooperating scientific institution. In thc one 
week that was left for fieldwork with potential users 
of the technology, I would have to work fast and sys
tematically to acquire information on which to make 
recommendations. 

After some reflection, I decided that although 
funding for projects is justified on the ground of 
national needs, that is not the same as user demand. 
Drying machines (or other technologies) are invest
ment goods: potential users would demand them (i.e. 
be prepared to outlay scarce capital) only if they 
expected to make a profit. Moreover, this would be 
true of any kind of user: even cooperatives and par
astatals that are not obliged to make a profit are more 
likely to invcst in operations that offer profit and cut 
losses, than in known loss-makers. 

I decided that my most useful contribution would 
be to examine whether the proposed technology 
would be profitable enough for the proposed users 
or other potential users to want to invest in it. To do 
that, I wanted to contact some of the proposed 
users, inspect their operations and ask whether they 
had in fact the problem that the project said they 
had and that the proposed technology offered to 
solve. That the nation (or the industry, or the total 



of producers and consumers) suffers some notional 
loss between potential and real grain, does not 
mean that there is any operator who suffers some of 
that as a money loss and who would therefore con
template investment to save it. If the problem was 
real, how did the people in the industry currently 
deal with it? 

As the proposed technology offered to save the 
'quality' of the product, I thought it vital to check in 
what quality the product reached that operator, and 
whether they would profit from quality maintenance. 
That would depend on whether the market could dis
criminate and would pay a premium (= impose a pen
alty discount) for what the scientists call 'quality'. It 
would be vital to investigate how the operators in the 
system grade and price, for what features, and the 
size of the margins. 

These technical and economic matters could not be 
handled by economic tools that took into account 
only supply and demand: grain remains a political 
crop and a political commodity. Governments regu
late inputs, outputs, stocks, and transactions of grain, 
because they seek support of the large number of pro
ducers and consumers. Nationalist and populist con
cerns about the appearance of national self
sufficiency in the staple grain that symbolises their 
daily bread, affects the legitimacy of a regime. Gov
ernments intervene in markets for land, water, 
machinery, fuel, fertilizer, pesticides, labour, and 
credit. Government may set floor and ceiling prices 
for the staple grain, maintain counter-seasonal and 
buffer stocks and control its export and import. Given 
that grain is a political crop, it is necessary to ascer
tain state policies towards the industry and the finan
cial capacity of the state to sustain the cost of 
implementing them. 

Some reflection on the literature, and rough famil
iarity with the rice industry in the Philippines, led 
me to conclude that the conventional graphs of pro
ducers' and consumers' benefits offered no guidance 
on the worth of proposed technology. The graphs 
operate at the macro-economic level, they lump 
together as 'producers' all the operators along a 
product chain in which only one could use the tech
nology. Yet from the point of view of that technol
ogy user, all the others are 'consumers' of his 
product, though the actual producer may receive lit
tle benefit. Moreover, the graphs assume what is to 
be tested: that technology is profitable for the user 
and is adopted. That approach could be no guide to 
the micro-economic question of whether there is any 
user whose anticipated profit will induce his demand 
for the technology. 

No producer is likely to invest in new technology 
unless his 'consumers' (i.e. those who buy his prod
uct, not final consumers), can detect and are able 
and willing to pay a sufficient premium price for 

170 

quality that innovation preserves or produces. In 
developing countries there is little vertical integra
tion, so that a long chain of operators may intervene 
between final consumer and the operator who would 
have to use the innovation for it to be effective. For 
instance, those final consumers who can afford it 
may pay more for rice with a smallcr quantity of 
yellow and broken grains. Timely and well-con
ducted mechanical drying of paddy should reduce 
the percentage of yellowed and broken rice, features 
penalised in the market. But the farmer or buying 
station in a position to dry paddy soon enough after 
harvest, sells not rice but paddy. He would use 
mechanical drying only if the trader or miller who 
buys that paddy could detect that higher milling 
quality and be made to pay for it. This made it vital 
to investigate how the industry grades and prices 
grain from farm to the retailer. Thinking on these 
lines raises such questions as the extent to which 
poor milled quality is a result of poor drying as 
against poor milling and how much both are a result 
of small demand for high milled quality of standard 
varieties. 

I therefore developed a 'product chain' approach. 
It is designed to study most closely the proposed user 
of the technology, but in the context of the whole 
industry and its regulation by market and state. A 
product chain approach investigates two matters: 

i) internally at each link, i.e. for each kind of opera
tor through whose hands thc product passes, the 
value-adding operations and technical and busi
ness strategies; and 

ii) externally at each link, how relations are con
ducted betwcen this operator and a) the previous 
operator from whom he buys and b) the next, to 
whom he sells (grading, pricing, payment, credit, 
information, power). 

The product chain approach examines: at each 
node and in movements between them the physical 
operations through which the product passes, the 
condition in which it is received and passed on, 
speed of turnover, and whethcr operator produces to 
custom order or on speculation; seasonal variations 
in supply, demand, costs, and credit; variations in 
scale of operators at each node and any differences 
in their systems; the size and ratio between each 
operator's fixed and working capital, availability and 
cost of major credit and effect on operations of a 
hypothetical investment in the proposed technology; 
and the effect at each node and transaction of any 
government regulations and legal/illegal exactions 
by officials and strong men. 

The product chain approach can be set out in a dia
gram as in Figures 1 and 2. An earlicr paper (Fegan 
1995) set out its first application, in a project to 
develop technology to dry fish in Indonesia. 
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Figure 1. Segment of a producer ehain for rice. 

Grading, pricing, 
payment, free or tied? 

Figure 2. Investigating an operator in a product chain. 

The systematic product chain approach is adapta
ble and in the haste and chaos of fieldwork provides 
built-in cross-checking. Research can begin at any 
node and proceed in any sequence. It is important to 
check the kinds and scales of operators at each node, 
to check for entrepreneurs who combine several func
tions and bypass some kinds of operator, and to check 
for seasonal and regional variations. Among key data 
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are whether operators' relations with supplier and 
customer are anonymous and totally independent or 
are tied by relations of partnership, consignment or 
long-term credit, that constrain either to send or 
receive and may affect price. It is important to 
explore how grading, measuring, pricing, and pay
ment are conducted, especially at a distance, and 
especially with a perishable product that the trans-



porter might pilfer, neglect or switch. In practice, I 
make a constantly revised sketch of the product 
chain, and note queries for other kinds of operator. 

By the time a small sample of operators at each 
link has been asked about transactions with its suppli
ers and customers, each transaction will have been 
looked at from each side, and there will be three ver
sions of the strategies and relations of each kind of 
operator. 

It is difficult to accomplish these tasks in the short 
time of a week or so in an unfamiliar country. but it 
can be done provided that the researcher can take 
control of the itinerary. Host country institutions 
commonly treat a feasibility study by anyone work
ing for a potential donor as something between tour
ism and a diplomatic mission. The appropriate 
schedule for the host's perception conflicts with that 
necessary to accomplish the mission's objective to 
rapidly acquire information on which to base recom
mendations. It is vital to propose in writing well 
before arrival what kinds of sites, operations, people, 
and in what regions, one wants to interview. On 
arrival it is essential to scrutinise, re-negotiate and 
pare the itinerary to minimise visits to government 
offices and research stations at which one will receive 
hospitality and be shown progress in unrelated fields. 
The time regained can be used to maximise time with 
professional operators in the product chain. 

It is important to take some pains with transla
tions. It would be rare good fortune to come across a 
translator fluent in all the technical dialects of engi
neering, agriculture, economics, and sociology in all 
of the national language, English, and the local or 
class dialects of potential users. Patterns of courtesy 
to officials and foreigners commonly inhibit 
responses, especially disagreement. I pre-brief the 
translator of the day on what the questioning aims to 
explore, so they will understand why the questions 
are asked and can act as colleague rather than trans
lation machine, to explore the ramifications of the 
answer. I ask for full running translation of answers, 
and keep full notes. 

In practice. commercial operators have proven 
invariably patient and courteous in sharing part of 
their enormous store of knowledge about the indus
try in which they operate. In several projects, whole
sale traders have provided a flood of valuable 
information about their rapidly changing industry, 
and perceptive questions and observations about the 
proposed technology. 

The kind of information this method provides is 
rarely available in any publication. Information on 
product chains is rare and where any is available it is 
usually long out of date. The information is often new 
to host-country scientists, perhaps because their edu
cation then research projects for government depart
ments, universities, and foreign funders are detached 
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from direct contact with the people in the industry. 
Moreover, some national applied science institutes 
have become more or less dependent on foreign gov
ernment or NGO donor grants. Foreign funding has 
historically set equity (i.e. social reform) before 
adoptability (i.e. profit to user) goals. Funder prefer
ences combined with their own religious and socialist 
moral reform ideologies and bureaucratic linkages, 
lead the insti tutes to prefer linkage to the parastatal 
and cooperative operators and to shun the capitalist 
operators. At the extreme. researchers in some 
national institutes are embarrassed at and seem afraid 
of direct contact with commercial operators, espe
cially where those are not of the majority ethnic 
group. Institutional ignorance of how the commercial 
industry really operates, combines with ideological 
aversion to anything that might help capitalist opera
tors. Together, these attitudes lock some institutions 
into designing for scales or institutional arrangements 
that cannot work. 

Effects of Funder and National 
Policies on Design and Adoption 

Engineers work best when they design to fit the 
needs of a clearly defined real user. However, for a 
long time the equity-before-profit policies of foreign 
funders and national research institutes directed 
engineers to design machines to fit some improbable 
users: individual small farmers, farmers coopera
tives, or parastatal grain handlers. Those policies 
excluded designing for the commercial traders and 
millers who handle the bulk of the grain in most 
ASEAN countries. 

The layout of project proposal forms and donor 
ranking criteria encourage proposal writers to give 
high priority to the equity goal of benefiting the rural 
poor. The charters of some national research organi
sations, e.g. the Philippines National Postharvest 
Institute for Research and Extension (NAPI-ITRE), 
appear to do the same. Together, these lead applicants 
to propose to design machines that can redistribute 
excessive income and power from capitalist middle
men (often foreign Asian, i.e. ethnic Chinese), to 
indigenous poor farmers and the state. 

Some unchangeable laws of physics and econom
ics make it impossible to design a machine that could 
be technically and economically efficient at a scale 
suitable to be owned by and be used once per year to 
dry the 3-5 tlha crop of an individual Javanese micro 
famler with 0.25 ha, or even that of a Filipino or Thai 
farmer with 2 ha. One solution that offers to raise 
grain throughput to an economic scale but retain 
farmer ownership, is to join farmers together for their 
common benefit in a cooperative. However, farmer 
cooperatives have a dismal history of collapsing with 



bad debts and bad feelings after the usual three year 
project cycle during which external funds and person
nel hold them together. 

The other large-scale, non-capitalist, non-Chinese 
organisational form is the parastatal grain handling 
bureau BULOG-National Logistics Agency, 
Indonesia; NFA-National Food Authority, Philip
pines; LPN-National Paddy and Rice Authority, 
Malaysia). Government has traditionally set contrary 
and self-destructive goals for parastatal grain organi
sations: buy dear in harvest season to keep up prices 
for the poor farmers, sell cheap in the scarcity season 
to keep prices down for the poor consumers. 
Required by policy to run at a loss, parastatals in the 
1990s are in decline as budget deficits, IMF Struc
tural Adjustment Program conditions, and GATII 
WTO rules begin to bite. 

However, to make cooperatives viable and par
astatals efficient would require moral and social 
reform. Engineers proved not notably better at moral 
and social reform than politicians, administrators, 
religious leaders, and NGDs who specialise in that. 
Moreover, if the machines that were supposed to help 
non-capitalists compete had proved profitable, it 
seems likely that capitalists would have adopted them 
and remained stem competitors for the non-capitalist 
operators. More than a decade of publicly funded 
research on grain drying was led by the priority given 
to equity. into designing dryers too small to be effi
cient or into attempts to design utopian organisations 
to fit machines large enough to be efficient. 

The recent successes of Thailand's King Mong
kut's Institute of Technology Thonburi (KMITI) 
team in gaining adoption of both first- and second
stage drying machines appears to have come about 
because they put adoptability (Le. profitability) 
before equity and were allowed to design for real not 
morally ideal customers. The prototype machines 
were designed in close consultation with a commer
cial grain trader who envisaged using them in his 
operations and built by a commercial manufacturer of 
agricultural machinery. The machines have been 
scaled up, manufactured, and in their first year, 
exported from Thailand. This success does not indi
cate that engineers have made important eonceptual 
breakthroughs. Rather. funders and some national 
institutes (KMITI but not NAPHIRE) have recently 
allowed engineers to design for the scale at which 
machines become mechanically and economieally 
efficient, if efficiently managed. That happens to 
coincide with the scale of medium to large commer
cial operators. with whom KMITI has good rela
tions. Installing subsidised or free drying machines in 
cooperatives about to self-destruct or parastatals 
about to lose their procurement funds, offers no fair 
test of whether the units would be economic under 
efficient management. 
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Adoption of Machines and 
Market Intervention 

In some countries. government pursues political 
goals through an ensemble of state controls and sub
sidies towards the grain industry. at significant direct 
budget cost. Some of the policies cause disineentive 
to private investment in grain-saving technology and 
thereby cause large costs to farmers. consumers. and 
the nation. Foreign funders have not taken a policy 
decision to have economists analyse the cost of pol
icy and who bears those costs. Had they done so. they 
could point out to governments the extent to which 
some of their problems are policy caused and require 
a changed policy. not new technology. to solve them. 

For instance, Malaysia maintains a paddy price 
higher than the world market price of rice, to favour 
the indigenous Malay farmers. In the 1980s, the gov
ernment required the parastatal National Paddy and 
Rice Authority (Lembaga Padi dan Beras Negara, 
LPN) grain agency to pay for wet paddy at the same 
price per kilo as dry paddy and to act as buyer of last 
resort. Wherever the discount for moisture is not suffi
cient to cover the weight loss in drying and the cost of 
drying, farmers (and other sellers) have no incentive 
to dry. Indeed, they may have an incentive to soak 
their grain in order to sell water at the price of paddy. 
As the discount for moisture content was below dry
ing cost. commercial traders withdrew from purehas
ing wet paddy. All wet paddy was therefore delivered 
to LPN. which had to invest in very large mechanical 
drying capacity. Meantime. there were long truck 
queues waiting to deliver wet paddy to the relatively 
few LPN depots. The depots accumulated wet stock
piles awaiting drying, and at the same time as private 
storage was idled, LPN had to invest in covered stor
age for dried grain. Significant quantities of the grain 
spoiled. Some that was dried had a low price on mill
ing. because delay in drying caused the grain to turn 
yellow. Prosperous Malays rejected the low quality 
local rice, buying cheap but better quality smuggled 
Thai rice. In that case. many problems of grain drying 
were policy caused. Realistic price margins for mois
ture would have induced farmers, traders. etc. to use 
existing and new facilities to dry and store. 

Funding proposals in the postharvest area come 
from engineers and food technologists and are 
directed at improving the production process. Where 
the problem turns out to be policy caused, project 
personnel have not been able or willing 10 call in an 
economist to define the total cost of state policies and 
who bears them. With ACIAR, for example. aside 
from the problem of special expertise, one considera
tion may be that since the Centre is responsible to a 
government agency, it has grown an unwritten policy 
that scientists working on its projects should not com
menl on the policies of host governments. 



The Thai rice industry demonstrates that mechanical 
drying and the two-stage drying concept are techni
cally feasible for rice in the humid tropics. It demon
strates that each stage of mechanical drying is 
economically feasible under Thai conditions. How
ever, as Thai conditions are not all present in other 
ASEAN countries, adoption there may lag. Thai condi
tions include a surplus-producing country where both 
rice and maize face a buyers' market with good mar
gins for high milled quality (= strong penalties for low 
quality), where state intervention in markets is light. 
The relatively free Thai markets for rice and for maize 
allow sufficient margins between wet and dry paddy 
and between grades of milled quality rice to give 
incentives for early drying and allow sufficient mar
gins between seasons to give an incentive to good stor
age. The capitalist trader-millers who have adopted the 
technology are located in a central place where 
throughput allows economies of scale and they have a 
high-incentive commercial management system. 
Finally, Thailand's KMITI docs not shun co-operation 
with the commercial traders and millers. Where one or 
more of those conditions are not present, technological 
feasibility does not necessarily mean economic feasi
bility and adoption of mechanical drying may lag until 
policy changes allow suitable conditions. 

The pursuit of 'quality' costs money that operators 
would be unwilling to invest unless the market will 
pay for that quality. In the product chain from farmer 
to consumer, each actor will invest in maintaining 
quality only if he expects his (not national) benefits 
will sufficiently exceed costs. That depends on 
whether the next actor in the product chain can dis
criminate for quality and will pay a margin for high 
quality (= penalise or reject for low). The demand for 
technology to save quality is a derived demand: it is 
high where markets for the end-product have good 
margins for quality. 

Changes in the Thai maize industry that did not 
occur in the Philippines industry reflect the differ
ences between surplus and deficit producer markets, 
between industries with high and low margins for 
quality and between countries where scientists did 
and did not collaborate with the commercial industry. 
However, in line with what a product chain analysis 
would predict, two preconditions had to be met for 
the reform of the Thai yellow corn industry: develop
ment of a method that allowed large maize buyers to 
discriminate aflatoxin levels, and readiness of live
stock raisers and feedmills to reject or penalise 
according to degree of contamination. 

It is not possible to detect aflatoxin contamination 
of maize with the naked eye. However, contamina
tion of this major ingredient of livestock feed caused 
serious losses to large livestock corporations. Thai 
university scientists collaborated with corporations to 
develop fast, cheap, and simple test kits that allowed 
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buying stations to reject or impose penalties in grade 
and price according to aflatoxin content. This 
allowed feed millers to segregate maize procurements 
by aflatoxin content, in order to direct it to species 
aceording to their tolerance. The prospect of a load 
being rejected at a distant feedmill after expensive 
transport, caused upcountry wholesalers to install 
their own blacklight testing. 

Development of the test induced the product chain 
to invest in early drying. Farnlers and traders dis
carded visibly mouldy cobs and made every effort to 
dry early, to prevent mould formation and so mini
mise the risk of rejection, and to attract the feedmill 
price premium. 

The demand side: grading and pricing for quality 

The size of margins for milled quality of standard 
varieties depends on whether a country exports or 
imports grain and whether a large enough proportion 
of its population can afford to be fussy about milled 
quality. Feasibility studies showed that margins for 
milled quality of rice are bigger in Thailand than the 
Philippines. 

Thailand has been a long-term surplus producer, 
facing discriminating export customers. While the 
bulk of the population had low income they were a 
market for lower grades. In recent years, sustained 
rapid economic growth has enabled an increasing 
proportion of Thai domestic rice consumers to afford 
to pay good margins for rice with a low percentage of 
broken and yellow grains. 

By contrast, the Philippines rice industry faces a 
sellers' market that tolerates low quality. The Philip
pines usually hovers around rice balance, with defi
cits more common than surplus. The parastatal NFA 
has a monopoly of external trade but may import too 
late (e.g. Tiglao 1995). The economy has had a long 
period of slump from around 1980, with a high pro
portion of the popu lace too poor to pay good margins 
for low percentages of broken and yellow kernels. 
There are recent signs of increasing margins for bet
tcr grades of milled rice but the large proportion of 
the population who must shop by price perpetuates 
high demand for low milled quality. 

Similar buyers' versus sellers' markets characterise 
the Thai and Philippines markets for yellow corn as a 
stockfeed ingredient. I noted earlier that in Thailand 
channels for collaboration between university-based 
scientists and corporations enabled development of 
cheap, rapid tests for aflatoxin. In the context of the 
Thai buyers' market for maize, this helped reform the 
Thai industry and induce early mechanical drying. 

The Philippines yellow corn industry is in chronic 
deficit; it faces a sellers' market in which hand-ta
mouth supplies oblige feedmillers to accept whatever 
is available. In 1992 feedmills either used aflatoxin
binding agents or mixed local maize with stockpiled 



U.S. or occasionally Thai good quality (and cheaper) 
maize to control aflatoxin levels for sensitive species 
and growth stages. The two of the 'big six' feedmill
ers contacted had no in-house tests for aflatoxin. 
They said the cost and delays of government testing, 
in the context of chronic shortage, left no option all 
along the product chain but to amalgamate grain 
down to FAQ quality. Inspection of traders stocks 
and interviews with fanners and traders in production 
regions in Mindanao continned that grading took into 
account only moisture content and inclusions, and 
that there was no attempt to segregate by quality. 

It also became apparent that the policies of the 
cooperating research institutions differed: Thai 
researchers progressed by designing technology to fit 
the existing postharvest commercial traders, whereas 
Philippines researchers shunned commercial traders, 
diverting their energies to efforts to change the struc
ture of the postharvest industry to fit the technology 
and to pursue social equity. 

Economies of scale and potential users 

Both computer simulation and experience with by 
now a large number of designs, reconfinn the usual 
economies of scale properties of heat machines: the 
larger the unit, the cheaper the cost per tonne. This sets 
up a conflict between project goals to produce equip
ment likely to be adopted and therefore save national 
losses, and a major social welfare goal of publicly
funded research to help the great number of small poor 
farmers. KMITI and NAPHIRE gave different priori
ties to national welfare versus welfare of small ramJers. 

Since unalterable facts of physics and economics 
make designing a dryer for the individual small 
fanner quixotic, design for first-stage mechanical 
paddy drying focused on a mobile unit suitable for a 
cooperative (or custom hire) and larger stationary 
units suitable for a trader-miller. The larger unit has 
the lower cost per tonne, especially if location on a 
highway or central place allows it to maximise days 
of use per year by tapping a wide area, where ecolog
ical variations offer a longer harvest season. 

A mobile machine was trialled in 1994 that can dry 
about 0.5 tonnes of paddy per hour, which would 
amount to the output of I hectare at an optimistic 
yield of say 5 tlha, in one 10 hour working day. Daily 
throughput may be less in practice because of load
ing, unloading, and tempering time. That is around 
the minimum scale at which the cost per tonne of fast 
drying is acceptable, but is about the maximum size 
that remains towable on wet-season village roads. 

Although a number of mobile units were ordered in 
1995 in the Philippines, all early orders appear to be 
from cooperatives. They are financed by subsidised 
government loans, justified as part of GA Tf/WTO 
adjustment but approved during the campaign period 
for the May 1995 Congressional and local elections. 

175 

It will be difficult to evaluate in the Philippines 
whether the mobile dryers are technically and eco
nomically successful. Aside from the political sub
sidy, 1995 has had unusually high world rice prices, 
while floods around harvest in part of the Central 
Luzon rice bowl may have required an unusual level 
of salvage drying of water-damaged paddy that might 
have been unsaleable in a year of nonnal prices. 
Given the problems inherent in fanners' cooperatives 
in the Philippines, it can be predicted that they will 
under-utilise the dryers because of procurement and 
organisational problems and that the cooperatives 
will default on these as on previous soft loans. 

To achieve the national savings in grain objectives 
of the project, it would be necessary for there 10 be 
capacity to dry a significant proportion of the wet sea
son crop soon enough after harvest to avoid deteriora
tion. This can be achieved only if enough units will be 
available and used to their potential. Given that most 
of the fanns in any village have the same rainfall and! 
or irrigation, their planting and therefore harvest dates 
are bunehed into about four weeks. If a village cooper
ative worked one mobile dryer 7 days a week for 10 
hours a day it could dry in a month at most the harvest 
from 30 ha, around 20% of the cropped area of an 
average village. Thus, timing constraints mean a coop
erative dryer may be both unable to serve all members 
(bottleneck) and to reach sufficient throughput to 
achieve a low cost per tonne. Mobile units would be 
able to break local drying bottlenecks and to lower 
fixed costs, only if they could be custom hired outside 
the home cooperative to areas with different harvest 
timing. But cooperatives lack entrepreneurial incentive 
to do that and may have contrary rules. 

Whether the drying bottleneck can be broken by 
small mobile dryers will depend on whether small 
entrepreneurs can make money by following the har
vest, as do owners of light, IRRI-designed, axial flow 
threshing machines. That could happen if enough 
entrepreneurs foresee profit and buy the machines 
from the makers. It is more likely that entrepreneurs 
will find ways to lease dryers from the cooperatives, 
or buy them from defunct cooperatives at a discount. 
However, in the Philippines the small margins for 
milled quality of standard varieties and poor quality 
of much milling equipment and skills, make it 
unlikely that (if they could discriminate the differ
ence) millers would pay a premium for mechanically 
as distinct from sun-dried grain. 

Despite NAPHIRE campaigns to eliminate highway 
sun drying, there is in 1995 more non-highway sun-dry
ing capacity available to Philippines farmers than ever 
before. In connection with elections in May 1992 and 
May 1995, governors and Congressmen approved gov
ernment grants for 'multi-purpose drying platfonns' in 
almost every rice-monocrop village and for concreting 
a couple of hundred metres per village of 'fann to mar-



ket roads'. Farmers whose cooperative has a mobile 
dryer will choose between sun drying on their own 
account (absorbing the cost of haulage to and from the 
drying platform or road), custom on-farm mobile 
mechanical drying with the cooperative machine, cus
tom mobile mechanical drying by an entrepreneur, or 
selling wet grain at a discount to a trader with sun or 
mechanical drying capacity. Competition between 
these options means that cooperative and entrepreneur 
operators of mobile dryers cannot charge more than the 
alternatives, which in wet harvest weather means the 
spread between the wet and dry price offered by traders 
with sun-drying floors. Some commercial traders may 
invest in a stationary dryer which, being larger, has a 
lower operating cost per tonne. If cooperatives charge 
less than commercial rates in order to benefit members 
or get throughput, drying losses may help send them 
broke unless they can achieve an unprecedented level 
of efficiency in these low-incentive organisations. In 
this context, the ready availability of sun-drying floors 
means it is important that extension continues to pro
mote to farmers and traders, best practice for first-stage 
and complete sun-drying. 

Fixed site first-stage dryers have few size con
straints and provided throughput is sufficient, cost per 
tonne falls with size. A 0.8 to 1 tlhour fluidised-bed 
dryer built by a commercial firm to a KMITII ACIAR 
project design for a capitalist merchant in Thailand is 
said to have been used daily throughout the wet sea
son. The merchant expressed interest in a larger unit 
and is said to have been satisfied with the performance 
of a 5 tlhour unit at a capital cost of $US 16,000, while 
a 10 tlhour unit has been built. Within a year of con
tact between the project's Thai KMITI project team, 
the manufacturer and capitalist traders, models of 1,5, 
and 10 tlhr were developed and the manufacturer is 
said to have sold some 10 fluidised-bed units, two of 
them to Indonesia's BULOG. The speed of response 
indicates that the technology has become profitable 
without capital or running subsidy at this scale, in the 
context of a capitalist trader as user and Thailand's 
market and price structure. 

Second-stage drying 

In-store, slow second-stage air-drying is subject to 
economies of scale and is not economically feasible 
for a user smaller than a medium trader and miller, a 
multi-village cooperative, or a depot of a parastatal 
grain agency. Brief research in January 1995 indicated 
that both the large numbers of multi-purpose village 
cooperatives set up or revived in the Philippines 
around 1992-93 and the municipal federations of 
those, were in financial collapse from the usual self
destruct mechanisms built into cooperatives. They 
were unlikely to be capable of handling a significant 
proportion of grain. Governments have scaled down 
the level of subsidy to parastatal grain handling organ-
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isations in the Philippines, Malaysia, and Indonesia 
and with that the proportion of the crop that they han
dle. A recent article (Schwartz \995) indicates that 
Vietnam is trying to recentralise postharvest handling 
and trade of rice. The prospect is that, for the foresee
able future, capitalist traders and millers will handle 
the bulk of the grain except in China and Vietnam and 
will do so in increasingly open markets. 

Conclusions 

1. Rice, the staple grain in Asia, is a political crop 
with many small producers and consumers. Con
cerns about welfare, votes and unrest among 
numerous rural majority producers account for 
policies to intervene in prices for farm inputs. 
Anti-Chinese populist sentiments, concerns 
about food security, consumer unrest and pres
sure on wages and inflation account for state pol
icies to intervene in supply, storage, and price of 
grain outputs. State intervention that narrows the 
seasonal price margins, discourages investment 
in good storage. 

2. Parastatal grain handling agencies that attempt to 
maintain a floor price for paddy procurement 
and a ceiling price for rice release necessarily 
make large operating losses by buying and sell
ing against the market. Government capacity to 
subsidise farm inputs and losses in trading is set 
by and contributes to the size of its cumulative 
debt and its current budget deficits. Throughout 
the region, the state's willingness and capacity to 
intervene in markets has decreased in the last 
decade, so that parastataJ grain handling organi
sations handle a diminishing proportion of the 
crop. Research should be redirected to design for 
and cooperate with the capitalist sector that han
dles the bulk of the crop. 

3. Maize is a political crop because it has many small 
producers but (except in the Philippines where 
white corn is a regional staple), is less political 
than rice because yellow corn has few direct con
sumers. This accounts for state concern with 
inputs subsidy and a floor price but absence of a 
ceiling price and minor parastatal agency involve
ment in storage or maintaining buffer stocks. 

4. Both rice and maize industries in countries that 
regularly export face discriminating buyers' 
markets that discount for poor quality. Margins 
for quality in such industries induce grading, 
segregation by grade, and investment in equip
ment and good management to maintain quality. 

5. Grain industries in countries at or below self-suf
ficiency face a sellers' market where end-users 
must accept whatever quality is available 
locally, margins for quality are low, poor quality 



grain is seldom dumped, grain of different quali
ties is not segregated but mixed down to accepta
ble market grade, and discriminating users must 
seek high quality from imports or in wet season 
pay a premium for high quality grain stored from 
the last dry season harvest. For maize, there is 
minimal attention to grading except in respect of 
dryness and inclusions. For rice, the biggest mar
gins are for variety. 

6. For rice, margins for different milled grades of 
the standard varieties reflect the level and distri
bution of income. In the poorer countries, pro
portions of discoloured and broken grains that 
would be unsaleable in prosperous countries 
have a ready sale to the poor majority. Demand 
for high milled quality grain increases with ris
ing national income and a rise in the proportion 
of consumers for whom rice purchases take a 
low proportion of their weekly income so that 
they can afford to be fussy. 

7. For maize, shortage of internal production and 
the possibility of higher quality imports at the 
same or lower price, gives feed millers little 
option but to accept low quality, variable at1a
toxin-contaminated local grain, mix it with bind
ing agents for aflatoxin-sensitive livestock 
species and growth stages and/or stockpile 
imported grain for those. Hand-to-mouth sup
plies discourage investment in maintaining qual
ity of unsegregated short -term stocks. 

8. For maize, surplus of internal production and no 
imports allow feed-millers to test and reject for 
aflatoxin contamination, pay margins for quality, 
stockpile top grades, and invest in quality main
tenance in storage. 

9. Discriminating for aflatoxin levels cannot be done 
with unaided senses. If large-scale livestock rais
ers, fcedmillers, grain storers, and traders have 
available in-house, rapid, cheap testing and appro
priate staff then they can test, reject, grade, price, 
and segregate by aflatoxin level. Price premiums! 
penalties fed back from livestOCk-raising end
users induce backward linkages via feedmillers, 
storers, traders, and farmers to adopt drying and 
storing practices that produce low aflatoxin. 

10. Where policy instruments set penalties for mois
ture content jus I at or below the weight loss in 
drying plus cost of drying, sellers and reseUers 
have no incentive to dry, or may even have an 
incentive 10 wet their grain before sale. Where 
government seeks farmers' votes or political 
passivity, andlor to eliminate capitalist (espe
cially ethnic minority) middlemen, and requires 
parastatal grain handling agencies to set low 
penalties and act as buyer of last resort, then 

i) farmers have no incentive to perform on
farm drying; 
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ii) farmer co-operatives that invest in drying 
capacity lose money, default on dryer 
loans, and collapse even if the dryers and 
management were efficient; 

Hi) private traders have no incentive to dry and 
withdraw from procuring wet grain and 
from investing in drying; 

iv) the parastatal depots are t100ded with high 
moisture grain, setting up transport queues, 
which results in deterioration in quality on 
farm, in truck queues and after procure
ment while Stockpiles await dryers; 

v) the parastatal agency is obliged to invest 
scarce development funds in unnecessarily 
large drying capacity, and to take large 
annual losses in drying costs, losses of quan
tity and quality, storage costs, and in trading; 

vi) because of policy-induced drying delays, 
milled output from such a system has a 
high proportion of brokens, discoloured 
and off-odour grain and is discounted in 
end markets; 

vii) if incomes of a significant proportion of the 
population are high enough, their demand 
for high quality grain induces imports; and 

viii) the parastatal system has high built-in lev
els of loss in quantity and quality that can 
cover and invite corruption. 

11. Other regulatory interventions to pursue equity 
had perverse unintended consequences. In the 
Philippines, government set out to benefit the 
poor rice and maize farmers in areas far from mar
ket, and poor consumers, by fixing freight price 
per tonne for rice and maize below that for other 
commodities. The unintended consequences 
included that commercial shippers treat grain as a 
cargo of last resort and let it lie (and deteriorate) at 
ports so long as higher freight cargo is available. 
Moreover, shipping companies shunned invest
ment in bulk-loading ships, and port authorities 
avoided investment in bulk-loading and unload
ing gear. As a result it is cheaper and quicker to 
ship maize to Manila from Bangkok or Houston 
than from ports in Mindanao. 
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Effect of Drying on Grain Quality 

Otto R. Kunze* 

Abstract 

Among others, drying can affect the quality of riee or other cereal grains (with a hard vitreous endosperm) 
in two prevalent and distinctive ways: 
1. Through moisture readsorption Rice, as well as other cereal grains, is hygroscopic. The low-moisture 

(dried) grain readsorbs moisture from any source to which it is exposed. Moisture adsorbed through the grain 
surface causes the starch cells to expand and produce compressive stresses. Since the grain is a 'free body', 
compressive stresses are countered by equal but opposite tensile stresses at the grain centre. When the com
pressive stresses at the surface exceed the tensile strength of the grain at its centre, a fissure develops. Fis
sured grains usually break during milling. Sources for grain moisture readsorption are discussed. 

2. Through rapid drying (to near storage moisture) - Rapid drying produces a steep moisture gradient in the 
grain. As this gradient declines after drying. the grain surface receives moisture from the interior and ex
pands, while the grain interior loses moisture and contracts. As this combination of stresses (compressive at 
the surface and tensile at the centre) develops with time. the grain fails in tension by pulling itself apart at its 
centre. The rheological aspects (stress, strain, and time) that cause the grain failure are discussed. 

RICE, as all other cereal grains, ripens and begins to 
dry in the field. Ripening of the grains is gradual and 
progressive and each individual grain cycles daily in 
moisture content. Lower moisture contents are reached 
on successive drying days. During the early ripening 
process, the grain loses moisture only. Later, the grain 
dries during the day and then may readsorb some mois
ture at night before continuing the drying process on 
the following day. When a rice grain dries to below 14 
or 15% moisture content (m.c.) during the day and then 
readsorbs moisture at night, the grain will/may fissure, 
because of the moisture readsorption. 

Development of Fissures in the Rice 
Grain 

From moisture readsorption 

The moisture adsorption-fissure concept is not 
unknown, but is a rather new perception in the rice 
industry. The commonly prevailing concept has been 
that the rice grain 'sun-cracks' or 'sun-checks' as it 
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dries in the field. Sun-cracking of the rice grain was 
first proposed by Copeland (1924). Thc sun-crack 
was defined as a fine cross-wise cracking of the grain 
caused by rapid drying in the sun. Early crop rice was 
more subject to sun-cracking than was late crop rice. 
The term 'sun-crack' appeared to be a reasonable 
explanation for what was happening and was readily 
accepted throughout the world by the nce industry. 

As rice production became mechanised, heated 
forced-air dryers were developed to dry the large vol
umes of high moisture harvested paddy. Any cross
wise cracking of the grain that was subsequently 
observed after drying was conveniently referred to as 
'sun-cracking' of the grain. Hence, the term carried 
over into mechanised heated forced-air drying and is 
still widely used throughout the world. 

In those days, research momentum was being chan
nelled toward paddy drying and other initiatives 
received little support and attention. This is unfortu
nate because the moisture adsorption-fissure phe
nomenon was discovered in Japan by Kondo and 
Okamura (1930). When translated into English, the 
title of their work is 'Fissuring of the Rice Grain from 
Moisture Adsorption.' Their treatise is 19 pages long 
and probably is the most enlightening, detailed, and 
comprehensive article that has ever been written on 
the rice moisture adsorption-fissure concepts. How-



ever, their work was not mainstream research and 
received little attention in the scientific world for the 
following reasons: I) their work was not widely pub
lished and hence was not accessible to many scien
tists; 2) the mainstream of rice research was on 
drying; 3) it was published in the German language; 
and 4) few postharvest rice researchers could read 
German, and therefore were unable to read the article. 
Even today there remains a need to translate their 
work into a more commonly prevailing language and 
then republish in one or more technical journals that 
have a worldwide distribution. Kondo and Okamura 
summarised their work with eight conclusions. These 
cannot be repeated here, but can be found in Kunze 
(1991). Their final conclusion states: 

It is without any doubt that moisture adsorption by the 
dried grain is the definite cause of fissured grains. It 
follows then that it is very important that dried grains 
be quickly stored in air-tight conditions to prevent 
moisture adsorption. 

Thus, the milling quality loss that had been attrib
uted to paddy drying was put into its proper perspec
tive, but the information did not permeate the paddy 
drying community in other parts of the world. 

The research of Kondo and Okamura (1930) did not 
go completely unnoticed, because a few postharvest 
rice scientists did cite their work. Perhaps the most 
prominent of these is Stahel (1935), who worked in 
Surinam. Stahel was unaware of Kondo and Oka
mura's work while he was doing his own, but then 
found theirs before he published his results. Stahel's 
conclusions followed those that had been drawn by 
Kondo and Okamura. According to Stahel, the fine 
cross-wise cracks that resulted when paddy was 
remoistened from being left out of doors overnight 
were responsible for most of the breakage in milling. 
Before 1930, it was believed that these cracks were due 
to drying in the sun. But this was not correct. Stahel 
was unable to produce sun-cracks by drying thin layers 
of paddy in the sun to less than 10% (m.c.) He dried 
paddy to various moisture contents in the sun and then 
remoistened the grains to determine at what level the 
grains would crack from the readsorption of moisture. 
He found that the initiation of cracks from moisture 
readsorption varied with variety, but generally 
occurred when grains had dried to 14 or 15% m.c. 

Stahel (1935) was also familiar with other previ
ously published rice literature. He took exception to 
the use of the 'sun-crack' term and pointed out that 
this was a misnomer because the cracks were not due 
to rapid drying in the sun, but rather to a rise in mois
ture content. 

In the ensuing years, the mainstream of postharvest 
rice research continued in the area of drying. Stahel's 
( 1935) findings along with those of Kondo and Oka
mura (1930), were gradually buried in volumes of 
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technical rice drying literature. The early concept of 
sun-cracking never lost its acceptance and then pre
vailed for three additional decades before being seri
ously challenged. 

As the rice scientists developed and published their 
research on drying, other scientists were working on 
the drying of wheat. The literature indicates that there 
was little if any communication between the two 
groups, even though it would appear that the two 
cereal grains could have much in common. Few rice 
researchers cited wheat researchers and few whcat 
researchers cited work of rice researchers in their 
journal articles. 

Sharp ( 1927) did studies on the density of wheat as 
influenced by freezing, stage of development, and 
moisture content He found that when the air-dried 
kernel was remoistened it lost some of its density. He 
proposed that removal of the regained moisture 
caused' air spaces' to develop in the grain. Some time 
later, Swanson (1943) studied the effects of moisture 
on the physical and other properties of wheat. In par
ticular, he was interested in the rewetting of wheat 
during harvest. Weights taken of test volumes during 
harvest showed that non-weathered samples at the 
millers were, on average, 1.81 kg heavier than weath
ered samples. He concluded that the swelling from 
rewetting disturbed the internal compact condition of 
the grain. He reasoned that after the water was again 
removed, vacuoles were left in the grain and these 
decreased its (specific gravity and hence its test 
weights. 

The research of Sharp (1927) and that of Swanson 
(1943) provided the challenge for other res~archers 
to find the 'air spaces' or 'vacuoles' which these 
researchers envisioned to develop in the redried 
wheat. Milner et al. (1950, J 952) used X-ray tech
niques to determine internal insect infestation in 
wheat. This work was followed by Milner and Shel
lenbcrger (1953) who studied the physical properties 
of weathered wheat in relation to fissures detected 
radiographically. Their observation was that fissures 
appear because of stresses produced when moisture 
swollen grains are dried. The weathering (wetting 
by rain or snow) of unharvested wheat in the field, 
followed by atmospheric drying, involved an irre
versible decrease in density of the grain. Their dis
covery of the internal fissures at right-angles to the 
longitudinal axis of the grain afforded visual proof 
of the internal spaces in weathered wheat as postu
lated by both Sharp and Swanson. Their data indi
cated that cracking occurred when a certain degree 
or rate of shrinkage of the hydrated endosperm was 
exceeded. (These scientists at this time-1953-
were still attributing the development of fissures to 
rates of drying. Researchers from the same labora
tory put the situation into its proper perspective only 
6 years later. 



Grosh and Milner (1959) studied the penetration of 
water into the wheat kernel and the internal cracking 
which ensued. Their comments are quoted below: 

Cracks radial and transverse to the crease occurred in 
the hard vitreous endosperm in advance of water 
movement through the kernels ... Direct evidence that 
cracks form in wheat as a result of wetting the 
endosperm alone (tempering) has not been offered pre
viously. 

Thus, the moisture adsorption-fissure concept was 
recognised and elearly defined in the rice industry by 
1935 and in the wheat industry by 1959. The two 
groups were not communicating with each other and 
neither were they communicating with the research
ers of other cereal grains that had a hard vitreous 
endosperm. 

After 1935, drying and storage continued to be the 
primary focus of rice researchers for the decades 
ahead. Yet if the 'truth' is not properly defined and 
understood, it will continue to surface and tell those 
who seek it that they have not yet achieved their goal. 
Subsequent moisture adsorption work was peripheral 
and incidental. Kik (1951), working in Arkansas, 
studied the nutritive qualities of rice. He observed 
that cracks were present in kernels before they were 
milled and that these kernels were responsible for 
much brcakage during milling. He reported that these 
cracks resulted from the remoistening of dry rough 
rice and not from drying too rapidly in the sun. He 
cited the works of both Kondo and Okamura (1930) 
as well as that of Stahel (1935). Kik's observation 
was peripheral to his work and failed to impress those 
scientists for whom the information should have been 
meaningful. 

As postharvest rice research continued, few 
researchers were informed about the rescarch of their 
colleagues on other continents. Langfield (1957), 
who published in Australia, reported that 'it is well 
known that much of the grain breakage during har
vesting or milling results from fine crosswise cracks 
that have developed in the grain during the ripening 
process. This cracking or checking, which is com
monly referred to as sunchecking, results from rapid 
fluctuations in atmospheric humidity during the rip
ening process.' 

Desikachar and Subrahmanyan (1961) in India, 
also made significant observations on the formation 
of cracks in rice during wetting and their effect on the 
cooking characteristics of the grain. Some of their 
comments follow: 

Milled or parboiled rice develops transverse lines of 
cracks when soaked in water. It took a longer time for 
the cracks to develop in parboiled rice than in raw 
rice ... Rice is very susceptible to this type of cracking 
during moistening or wetting... The development of 
these cracks was dependent on time and temperature of 
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the soak water ... The development of cracks on the 
grain immersed in water seems to be a direct effect of 
hydratIon. since the development of these tines is a 
gradual process and depends on the temperature of the 
soak water ... A certain time (about 3 or 4 minutes in 
the case of raw rice and about 20 minutes in the case of 
parboiled rice) elapses before the cracking starts which 
suggests that hydration precedes cracking. 

Rhind (1962) also made some observations which 
give insight into the mechanics of fissure develop
ment. He states: 

The highest tensile stresses can he expected in the dri
est parts, i.e. in the surface layers during drying, but in 
the inner part of the grain during adsorption ... Grains 
which are badly cracked are 'destined to break' and do 
so with a minimum of milling. 

Huysmans (1965) reported that paddy which is har
vested too late will have a great number of sun
cracked grains and that there will be a high percentage 
of broken rice in the milled product. Sun-cracked per
centages found for a given variety of medium grain 
during 1962-{s3 were below 10% up to 45 days after 
flowering with head rice percentages of over 50%. At 
50 days after flowering, the sun-crack percentage 
increased to 25.5% with a head yield of only 36.8%. 

The foregoing is a brief and partial review of mois
ture adsorption technology in rice and wheat as it can 
be found in the literature. Yet scientists in the world 
still seem to be in doubt about the effects of moisture 
adsorption by a low-moisture (dried) grain. The fol
lowing was published in the early 1970s: 

Grain development (rice) is essentially complete 
within 3 to 4 weeks after flowering. Endosperm cracks 
or fissures in rough rice. some researchers claim, 
result from the contact of the dehydrating caryopsis to 
liquid moisture such as dew. 

The author of this paper published his first article 
in 1965. At that time the 'sun-eracking from drying' 
concept strongly prevailed. Fissuring from moisture 
readsorption was unknown by scientists, engineers, 
and drying experts. The phenomenon was rediscov
ered through efforts to determine the physical and 
mechanical properties of rice. The grain could not be 
fastened into a cylindrical holder with a water-base 
adhcsive without developing a fissure. These efforts 
were finally discarded and the focus of the work was 
directed to determine the basis for the development of 
the fissure or fissures. Grain-ends were ground off to 
have a flat surface so that the grain would stand on a 
damp wetted surface such as a wet napkin. Within an 
hour, the mounted grain developed one or more fis
sures. This observation caused the title of the pro
posed research to be changed from a study of the 
'Physical and Mechanical Properties of Rice' to 
'Environmental Conditions and Physical Properties 
Which Produce Fissures in Rice' (Kunze 1964). The 



Chairman of the Dissertation Guidance Committee 
was Dr Carl W. Hall, a member of the National 
nee ring Academy in the United States. He is world 
renowned for his many books and in particular for his 
book entitled 'Drying and Storage of Agricultural 
Crops' (Hall 1980). More than three decades of mois
ture adsorption work have followed. 

The initial works were published by Kunze and 
Hall (1965, 1967). The research was with brown rice 
and was published in the Transactions of the Ameri
can Society of Agricultural Engineers. The work con
firmed and also commenced to reintroduce into the 
literature the works of Kondo and Okamura (1930), 
Stahel (\935), Kik (1951), and Desikachar and Sub
rahmanyan (1961). Although all of these references 
are cited in Kunze's (1964) dissertation, the complete 
transcript of Kondo and Okamura's work was not 
found and obtained until August 1975. A crucial need 
remains for it to be translated and distributed to grain 
drying researchers. 

Kunze subsequently pursued the moisture adsorp
tion phenomenon with some difficulty because this 
concept was controversial (not compatible with 
accepted technology) and had a low-priority status 
with financial support sources. However, graduate 
students from developing countries were interested 
and wanted to work with rice. They subsequently sup
plied the expertise and manpower to make it a thriv
ing and productive program. 

Kunze and Choudhury (1972) watched the fissures 
develop as brown and milled rice grains were 
exposed to a moisture adsorption environment. From 
these observations, they developed hypothetical stress 
distributions for both desorption and adsorption of 
moisture by the grain. Their illustrations show tension 
at the grain surface and compression in the interior 
when the grain is drying. Technically, these stresses 
give no justification for the grain to pull itself apart 
during drying. A tensile failure could logically OCCur 
on the grain surface. Adsorption stress distributions 
showed the grain to be in compression at the surface 
and in tension at its centre. Whenever the internal ten
sile stress exceeded the internal tensile strength, there 
was justification for grain failure (an intemal fissure 
to develop). These stress distributions agree with 
those proposed by Rhind (1962). Kunze and Choud
hury (1972) further found that milled rice required 
only half as much exposure time to produce a fissure 
as did brown rice. Additional work showed that 
milled rice in a given environment adsorbs moisture 
about twice as fast as brown rice. According to Hend
erson (1972), brown rice dries about twice as fast as 
rough rice under a given drying condition. 

Further research focused on grain fissuring poten
tials in the harvesting and drying of paddy (Kunze 
and Prasad 1978). They determined where low-mois
ture grain may be exposed to a moisture adsorbing 
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environment. Such conditions could exist in the field 
before harvest, in the combine hopper, field buggy, 
transport truck, holding bin, and in certain dryers 
ahead of the drying front. McDonald (1967), working 
in Australia, showed that rice grains on a single pani
cle in the field may vary in moisture content by 10 
percentage points during the drying process. The var
iation within a plant could be greater and within a 
field, greater still. Chau and Kunze (1982) and Kunze 
and Calderwood (1985) found that paddy samples 
with a field moisture of 22% may contain grains 
between 15 and 45% m.c. A freshly harvested paddy 
mass at 22% field moisture has an interstitial relative 
humidity of 97%. lbe air in a continuous-now, non
mixing heated-air dryer enters the wall of grain and 
becomes humid warm air. Low-moisture grains ahead 
of the drying front may readsorb moisture and fissure 
before the drying front reaches them. 

In developing countries, if cut rice plants are laid 
out in the field and left too long, the driest and most 
mature grains may soon fissure from moisture read
sorption at night. The drying rice grains may already 
fissure on the stalk before it is cut. After the rice 
plants are put into a bundle but then left exposed over 
night, the little bundle with comparatively more grain 
exposure will develop more fissured grains than the 
big bundle with relatively less grain exposure (Kondo 
and Okamura 1930). 

Dried rice in storage can also fissure from moisture 
adsorption environments in the tops of storage bins, 
from aeration, and from subsequent transport, ship
ping, and processing operations. 

From rapid drying 

Life would be more simple if a single cause could 
be attributed to every observed effect; if all fissured 
rice grains could be attributed to the readsorption of 
moisture by the grain. This is, however, not the case, 
because rapid or fast drying produces a fissure after 
drying that is visually the same as the one which 
results from moisture adsorption. The adsorption fis
sure develops while the moisture is being adsorbed by 
the grain. But the fissures which result from rapid 
drying start to develop shortly after drying and then 
continue to develop for 48 hours or more. Both grain 
failures appear to be visually the same and both are 
equally effective in reducing the milling quality of the 
grain. 

I was in India at the Indian Institute of Technology 
(liT) at Kharagpur in 1975. We dried high-moisture 
paddy in a single pass from 29.8 to 9.1 % m.c. in a 
column 63.5 cm deep with an air temperature of 59°C 
(138°F). The procedure was contrary to all estab
lished rice-drying practices. The initial moisture con
tent was too high, the drying pass was too long (12 
hours), the drying bed was too deep, and the tempera
ture was too high. After drying, the paddy was milled. 



It gave a total milling yield of 76% and a head rice 
yield of 74%. Yet, after drying and milling, the milled 
rice grains soon began to fissure and within hours all 
of them were fissured. The milled rice grains fissured 
hours after drying. This observation justified further 
investigation. Fissuring of the rice grain after heated 
air drying was studied by Kunze (1979). Photo
graphic documentation was used to show that: certain 
grains were not fissured at the end of drying; these 
grains fissured after drying; a time interval after dry
ing was necessary before the fissures developed; and 
a fissure does not relieve the stress over a long section 
of the grain. Several fissures may develop within one 
grain. 

The movement of moisture (in or out) in a rice 
grain triggers its rheological properties. Rheology is 
the relationship of stress, strain, and time that can be 
observed in a product. Strength of a material can be 
expressed, within limits, by stress and strain alone. 
The rheology of a material is expressed by stress, 
strain, and time; thus indicating that the stress-strain 
relationship is dynamic and subject to change with 
time. Such a relationship is evident in rice as it 
adsorbs and desorbs moisture. 

A search of the literature then revealed that Crau
furd (1963), working in Sierra Leone, West Africa, 
appeared to be the first to report the development of 
fissures in the rice grain after rapid drying. The com
ments below are from his manuscript: 

In fast drying of paddy, cracks do not develop until the 
drying has ceased. Presumably the cracks develop as 
the moisture gradient within the grain is relaxing ... 
Since cracks originate at the centre of the grain, they 
develop while the centre of the grain is losing moisture 
to the drier outer layers ... In drying it is not the rate at 
which water is lost from the grain that causes cracking, 
but some other factor associated with the rate at which 
the moisture gradient relaxes after drying. 

Such information was new in the literature and 
once again received little attention from rice drying 
associates. The information was not compatible with 
that which seemed to be known and did not permeate 
the rice industries in other countries and continents. 
But again, it is difficult to keep the 'truth' submerged. 
The work of Craufurd re-emerged and was confirmed 
by Ban (1971) in Japan. There is no evidence that Ban 
was aware of Craufurd's work. Researchers in Japan 
recall that Ban was severely ostracised for his seem
ingly discordant work; but after his associates 
returned to their laboratories and confirmed it, they 
presented him an award. Ban concluded that the 
cracking does not happen during drying, nor immedi
ately thereafter. Even when the rapidly dried rice was 
stored under airtight conditions, an increasing number 
of cracks appeared for the next 48 hours. Ban gave no 
explanation for these crack rings (fissures) but pro-
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posed that the crack ratio test for dryers in Japan be 
delayed for 4& hours or more after grains are dried. 
The observation by Ban was wholly in agreement 
with that of Craufurd. Milner and Shellenberger 
(1953), while working with wheat, incorrectly 
reported that fissuring during the drying process was 
favoured by elevated initial moisture and increased 
drying rate. Their data suggested that cracking 
occurred when a certain degree or rate or shrinkage of 
the hydrated endosperm was exceeded. They further 
reported that the mechanics of this kind of cracking 
had been treated thoroughly by Earle and Ceag)ske 
(1949). The work of Earle and Ceaglske with maca
roni shows that the cracking occurs after drying. 
Their comments were (at the end of drying): 

Where this moisture gradient is large, the macaroni 
may fail by tension at the inner surface upon the 
removal of the moisture gradient... This type of failure 
is one of the most puzzling to commercial operators, 
for the macaroni looks and feels strong as long as the 
drying is in progress. Soon after the fans are stopped 
the cracking starts. 

So the observation of fissuring and cracking after 
drying by Earle and Ceaglske (1949) with macaroni 
seems to preempt those of Craufurd (1963), Ban 
(1971), and Kunze (1979) with rice. They all 
observed cracking (fissuring) not necessarily during 
drying but rather after drying. All used a high rate of 
drying which left a steep moisture gradient in the 
macaroni or rice at the end of drying. 

Further support is given to the fissure after drying 
phenomenon by more recent researchers. White et al. 
(1982) studied the development of stress cracks in 
popcorn as a result of drying and rehydration. Their 
results agree with those of previous rice researchers 
who found that stress cracks in popcorn are caused by 
a redistribution of moisture after the grain has been 
removed from the dryer. The delay before the stress 
cracks occur is related to the moisture gradient in the 
kernel when drying is stopped. Cracks developed dur
ing the reconditioning process (moisture adsorption) 
rather than afterwards, as was found in the drying 
process. After the work of Ban (1971), Nishiyama et 
al. (1979) developed a crack generation equation to 
predict the percentage of fissured grains at any time 
after drying. Kato and Yamashita (1979) worked to 
minimise the fissures after drying by temporarily 
storing grains at 60°C. High storage temperatures 
helped to reduce the development of fissured grains 
but did not eliminate them. 

Sharma and Kunze (1982) also studied post-drying 
fissure developments in rough rice. A few kernels fis
sured while drying, but most fissures developed within 
48 hours after drying. Some, however, did not develop 
until nearly 120 hours thereafter. Nguyen and Kunze 
(1984) investigated the effects of post-drying treat-



ments on fissures which developed in rice after rapid 
drying. They reported that a II % relative humidity 
and 45°C environment engendered fewer fissures in 
grain than other storage environments which had less 
tendency to remove surface moisture. 

Grains with partial fissures can often be observed 
in milled rice. What causes them? Do fissures in field 
rice develop in the same way as nssures in storage 
moisture rice? Fissures from moisture readsorption 
which develop in storage moisture rice develop 
essentially completely across the grain within a frac
tion of a second. 

Dry paddy was rewetted by Craufurd (1963) in an 
effort to determine where cracks began on or in a rice 
grain. When whole grain brown rice was placed into 
water, all cracks which developed were whole cracks 
and these developed so fast that he was unable to 
determine their point of origin. Henderson (1954) 
conducted X-ray studies and showed that cracks (fis
sures) began at the centre of the grain and then pro
gressed outward parallel to the minor axis. 

If a physical action occurs with sufficient speed 
and intensity, it produces a sound. Robert Young, a 
graduate student in Agricultural Engineering at Texas 
A&M University, was the first to record on tape the 
audible sound made by a grain of popcorn when it fis
sured from moisture readsorption (Stermer and 
Kunze 1992). Later, Jivo Kouva, Chief of the chemi
cal analysis laboratory of Satake Ltd in Saijo (Hiro
shima), Japan demonstrated that a low-moisture rice 
grain produces a sharp audible snap when it fissures. 
Stermer and Kunze used a sound transducer to 
observe the snapping sound on an oscilloscope and 
subsequently developed an acoustical detection 
device to record the fissures as they developed in 
moisture adsorbing rice. 

All of the foregoing information confirms that a 
low-moisture (dried) rice grain will fissure I) from 
moisture readsorption, and 2) after rapid drying (to 
near storage moisture or below) if the dehydration is 
stopped with a steep moisture gradient in the grain. 
The rice grains fissure during moisture adsorption but 
in the second case they fissure after rapid drying. The 
second case explains why we have the universal prac
tice of not running milling quality samples immedi
ately after a lot of rice is dried. Instead, we wait as 
long as practicable before doing so. Readsorption of 
moisture on the surface of a grain after it has been 
dried rapidly can also cause rice to fissure. But the 
foregoing research indicates that such loss in milling 
quality develops even if the grains are maintained in 
an airtight container. Moisture migration within the 
grain, as the gradient reclines, is believed to cause 
these fissures to develop. 

Aside from fissures which develop after rapid dry
ing of paddy, we need to identify where low-moisture 
grains are exposed to moisture adsorption environ-
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ments. Chau and Kunze (1982) studied moisture con
tent variations among rice grains at the time of 
harvest. When field rice in a plot was at 22% moisture 
content, they found moisture differences up to 29% 
between grains (groups of 10) harvested from the tops 
of the most mature panicles and from the bottoms of 
the least mature ones. The longer rice at harvest mois
ture was left in the field, the greater was the probabil
ity that lower moisture grains would fissure on the 
stalk before harvest. 

More recently, Sarwar and Kunze (1989) con
ducted research on relative humidity increases that 
cause stress cracks in low-moisture maize. They 
found that grains equilibrated to \0% m.c. before 
being exposed to 75% relative humidity or above, 
would fissure. All grains fissured when the exposure 
to relative humidity was 92% or above. No grains fis
sured when the initial grain moisture was 15% or 
above. Therefore, the moisture adsorption reaction of 
maize is essentially parallel with that of rice. How
ever, it is perhaps more important that rice maintains 
its integrity since it is consumed as a whole grain. 

Researeh that moisture adsorption, by low-mois
ture rice or other cereal grains with a hard vitreous 
endosperm, produces fissured grains is sufficiently 
prevalent that it is no longer only a theory. With some 
exceptions, the phenomenon is aceepted today. The 
moisture can be liquid or vapour. The mainstream of 
grain drying research is shifting to include the mois
ture adsorption aspects. The information is becoming 
useful and is beginning to find application in the grain 
industries. 

Research Opportunities 

One of the needs of the rice industry is for producers, 
millers, and processors to apply the information to 
practices. Research to date has provided just enough 
information to indieate the nature of the grain. But this 
body of knowledge needs to be expanded by those 
who work with rice. How long and how fast can rice at 
a given moisture content be dried without inducing 
fissures in the grains after drying? To what moisture 
content can high-moisture rice be rapidly dried with
out inducing after-drying fissures? We think that this 
is 15 or 16% m.c. Are these values consistent for all 
varieties? What treatment or treatments can be devel
oped that will inhibit or prevent fissures in grains aftcr 
rapid drying? How long can paddy at various storage 
moistures (10 to 14%) be exposed to various relative 
humidities (80 to 100%) without developing fissures? 
We need to better define the moisture adsorption fis
sure response in rice types and fornls. Can we flash
dry the hull on high-moisture paddy and efficiently 
shell the grain? Can we flash-dry the bran on the 
resulting brown rice and mill the high-moisture rice? 



Can we dry high-moisture milled rice without causing 
surface cracks in the grain? Can we develop a system 
that will bum the removcd hulls to 11ash dry the hulls 
on more high moisture paddy and then continue to use 
the heated air to !lash-dry the bran on brown rice? 
Finally, can we use the warm and somewhat humid air 
to slowly dry the milled rice? Can we make the rice 
drying industry energy independent by using its own 
inherent fuel source (hulls)? The foregoing are visions 
today but they are goals for tomorrow. Team efforts 
arc needed to address these possibilities. The breeders, 
engineers, producers, dryer operators, storage manag
ers, and processors need to work together to bring 
these visions to an expeditious fruition. 

Research Applications 

Available information now needs to be applied in the 
rice industry. Jenkins (1989) used a modified harvest
ing technique where rice panicles were cut and 
swathed in the field. These panicles were then covered 
with chopped rice straw to provide protection from the 
sun during the day and from dew at night. The modi
fied technique showed a nearly 20 point improvement 
in the head rice yield compared with an open window 
treatment. Banaszak and Siebenmorgan (1990) related 
fissured rice in the field to grain moisture content, 
weather, and application of fertiliser. Rice from highly 
fertilised plots generally required 2 days or more to 
mature and dry to a given moisture content previously 
observed in rice harvested from the lesser fertilised 
plots. When rice samples from either fertiliser level 
reached 17 to 18% m.c. in the field, the proportion of 
fissured grains subsequently increased very rapidly. 
Head rice decreases closely followed fissured grain 
increases observed in the field. Other research cur
rently in the publication process relates to the fissure 
resistance of rice varieties, fissure developments 
related to moisture adsorption stresses in rice, tran~ 

sient moisture gradients in paddy mapped with finite 
element methods (FEM) and related to fissures after 
heated air drying, and numerous others. 

The body of knowledge on I) moisture readsorp
tion by storage moisture grains, and 2) the fissuring 
after rapid drying aspects is being integrated into the 
grain drying literature and should provide the basis 
to improve the quality of dried grain. Drying and 
moisture readsorption are inherently related. Drying 
provides the potential for moisture readsorption that 
can be very detrimental to grain quality. Information 
on the fissuring after drying phenomenon needs to be 
thoroughly disseminated in the grain industries so 
that dryer operators, storage managers, and grain 
processors properly understand their processes and 
procedures, and thereby have the potential to 
improve them. 
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A few grains have been observed to fissure during 
drying. Current concepts of mechanics coupled with 
the hygroscopic nature of the grain do not justify the 
development of these fissures. An imperfection in the 
grain can provide the needed justitlcation. For exam
ple, a small surface crack in the endosperm can create 
an appropriate avenue for fast moisture removal 
which could cause the crack to grow across the grain 
into a fissure. Also. this paper does not mean to imply 
that improperly operated combines, conveyors, and 
processing machines do not have the potential to 
break grain and reduce grain quality. The energy is 
there to produce breakage. Operators must diligently 
seek to kecp this damage to a minimum. Equipment 
and machines which inherently damage grain in their 
operation will eliminate themselves from the com
mercial market. 
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Small-scale Grain Dryers 

Justin A. Tumambing* 

Abstract 

The grain production sector in Southeast Asia is generally fragmented, small-scale, labour intensive. and 
uses traditional-level technology. Not surprisingly. the majority of the drying technology adopted is of the 
small-scale type. 

This paper reviews and evaluates small-scale dryers that have been adapted or at least promoted in drying 
grains in Southeast Asia. These dryers vary in terms of method of heating the grain (forced convection. nat
ural convection, conduction), method of holding the grain (batch. recirculating-batch, continuous-flow), 
control systems (manual. semi-automatic. automatic), stage of drying process (pre-drying or first-stage dry
ing, second-stage drying. single-stage drying), and drying capacity (1-6 t per 8 hour operating day). 

This paper also describes the level of adoption of each small-scale drying technology and the underlying 
reasons for particular adoption levels. Recommendations are made about the requirements and features of 
a small-scale dryer needed to warrant adoption of the particular drying technology. 

OVER the past three decades, great gains have been 
achieved in the humid tropical countries of Southeast 
Asia in tenus of increasing grain production, particu
larly rice and maize. These gains were primarily due to 
the widespread adoption of grain production technol
ogy (high-yielding and early-maturing varieties, supe
rior cropping practices, higher levels of inputs) coupled 
with the expansion of irrigated cropping. However, 
associated with this increase in grain production is the 
harvest of one of the plantings during the wet season, 
leading to wet grain handling problems. 

The traditional way of solving wet grain handling 
problems is sun drying. However, the sunshine is 
unreliable during the wet season, such that mechani
cal dryers are resorted to. Because of fragmented 
landholdings, small-scale and labour intensive opera
tions, and existence of traditional-level technology, 
the mechanical dryers being used in the region are 
mainly small scale. 

The commercial small-scale grain dryers most 
common in the region are of the forced-convection 
type where heated air is forced through a layer of 
grain. The air is the convective medium that supplies 

* National Postharvest Institute for Research and Extension, 
CLSU Compound, Muiioz, Nueva Ecija. Philippines. 
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heat for evaporating moisture from the grain kernels 
and then carries the water vapour out of the grain 
mass. Other types of small-scale dryers existing in 
limited numbers are the rotary conduction dryers, 
where the grain is heated through conduction with a 
very hot rotating drum or cylinder, and the natural 
convection dryers, where hot air by its natural ten
dency to rise passes through a relatively thin layer of 
grain. 

Small-scale drying systems vary according to: 
• the method of holding the grain (batch, recirculat

ing batch, continuous-flow); 
• the fuel used for heating and drying the air (kero

sene, diesel oil, or biomass such as rice hulls and 
maize cobs); 

• the geometric configuration of the grain holding 
device (flat bed, vertical column, rotating drum); 

• the type of blower or fan forcing the heated air 
through the grain mass (centrifugal, axial flow, or 
propeller type); 

• drying air temperature and time of exposure of the 
grain to the drying air stream; 

• provision for mechanical loading and unloading of 
the grain (bucket elevators, belt conveyors, screw 
conveyors); and 

• system of controlling and monitoring drying air 
temperature and grain moisture, and fire safety 
controls. 



Flat-bed Dryers 

Flat-bed dryers are among the first type of small-scale 
dryers that existed in the humid tropics. This was 
started by the 2 t flat-bed dryer design developed by 
the University of the Philippines at Los Banos 
(UPLB) in the Philippines during the early 196Os. The 
dryer (Fig. 1) has three main parts: a rectangular box 
(drying bin) to hold the grain above the plenum; a fan 
and engine to force the drying air through the grain; 
and a kerosene burner to heat the drying air. The dry
ing bin has a floor area of 1.86 x 3.72 m. The grain 
depth is kept at about 45 cm to limit the resistance to 
airflow to less than 250 Pa (I inch water gauge) static 
pressure. Air at a rate of 12.7 m3/minlm2 of drying 
floor area is forced by a propeller fan into the plenum 
chamber below a perforated metal floor. The drying 
air temperature is kept below 43°C to minimise fissur
ing and maintain seed viability. About 8 hours are 
required to dry wet paddy from 24% wet basis down 
to a safe storage level of 14% wet basis. 

The original intention of designing the UPLB 2 t 
flat-bed dryer was to develop a low-cost paddy dryer 
for the farmer, without considering the drying 
requirements of the end-user. It turns out that, after 
several hundred units have been manufactured and 
sold throughout the Philippines, this dryer has proven 
to be too large for an individual farmer with less than 
2 ha of land and too small for a farmer cooperative, 
rice trader, or miller. Other problems that arise in 

using this dryer are the high cost of operation, the 
need to mix the grain during the drying operation to 
prevent overdrying of the bottom grain layer, and 
unprofitability to invest in by a single farmer. 

In spite of the many problems encountered in the 
use of the UPLB 2 t flat-bed dryer, it formed the basis 
of other dryer designs in Southeast Asia. The Thai
land Department of Agriculture has its bigger version 
of a flat-bed dryer. Malaysia developed its 30 t capac
ity version which is basically a large flat-bed dryer 
with an inclined bed. 

IRRI has its own version of a 2 t flat bed dryer called 
a vertical batch-in-bin dryer. The main difference of 
this dryer from that of UPLB is in the configuration of 
the drying bin. The drying bin (Fig. 2) is composed of 
two vertical columns constructed out of inclined 
wooden slots which also serve as unloading ports. The 
drying air is forced sidewards between the two col
umns. This dryer is claimed to operate more efficiently 
than the original flat-bed dryer, by using an airt10w rate 
twice as much thereby removing about 2% moisture 
per hour. This was made possible by using a more 
expensive but efficient vane-axial fan. However, man
ual grain mixing during operation is very difficult, and 
a large moisture gradient after drying could therefore 
be a problem. A manufacturer in Isabela, Philippines 
(ACT Machineries) is producing a similar vertical 
batch-in-bin dryer suitable for maize. This dryer is 
available in capacities of 1.25, 2.5, and 3.5 t and uses 
an indirect-fired inclined grate furnace as heat source. 

Figure 1. The University of the Philippines at Los Baiios (UPLB) 2 t flat-bed dryer: A, box to hold the grain above a ple
num; B, fan and engine to force the drying air through the grain; C, kerosene burner to heat the drying air. 
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Figure 2. The International Rice Research Institute (IRRI) 2 t vertical bin dryer. 

Several local dryer manufacturers in the Philip
pines developed and marketed their own versions of 
the flat-bed dryer. The Marinas Manufacturing Co. 
in Pila, Laguna, Philippines has its tilting-bed and 
twin-bed versions using an indirect-fired inclined 
step-grate furnace as a heat source. Kuizon Enter
prises of Bato, Leyte, Philippines has a reversible
airflow flat-bed dryer using a cheaper but efficient 
direct-fired horizontal grate furnace (Fig. 3). The 
reversible-airflow feature of the Kuizon dryer has 
eliminated the need for grain mixing. The Kuizon 
dryer, although a flat-bed dryer, is still making its 
way in the market particularly in the Visayas and 
Mindanao areas in the Philippines because it is 
available in various capacities (I, 2, 2.5, 5, 20, and 
30 t), has lower drying costs due to the use of 
smokeless, no-ash rice-hull furnace and has a lower 
labour requirement than sun drying due to its revers
ible-airflow feature and multiple unloading ports. 
Other local dryer manufacturers have their own 
design of a rice-hull furnace but have basically the 
same drying bin configuration. 

In Vietnam, the University of Agriculture and For
estry (UAF) developed five models of flat bed dryers 
(2, 3, 4, 6, and 8 tlbatch) using indigenous materials. 
Phan Rieu Rien (I993) reported that the 4 and 6 t 
capacity flat-bed dryers were successfully promoted 
in the rice-growing Mekong Delta provinces in south
ern Vietnam, with about 200 units used during the 
1991 wet-season harvest. To date, there are now 
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about 600 units manufactured and used in the area. 
The dryer (Fig. 4) is composed of a drying bin usu
ally made of concrete or brick, a locally fabricated 
axial fan driven by a diesel engine borrowed from 
other machines (pumps, boat, etc.), and a rice-hull 
furnace patterned on an IRRI design. Based on the 
information gathered during the promotion of these 
dryers, the following points are worth noting: 
• the dryers were used mostly by small farmers and 

not by rice millers; 
• the dryers are owned mostly by contractors and 

farmer groups; and 
• dryer manufacturers play the role of extension 

workers by providing on-the-spot demonstrations 
and practical training in dryer operation to prospec
tive buyers. 

Recirculating Batch Dryers 

A recirculating batch dryer is a hybrid of batch and 
continuous-flow dryers. A batch of paddy is continu
ally moving and is recirculated within the dryer during 
the entire drying process. This type of dryer uses a wide 
temperature range of 4O-80°C depending on the initial 
moisture content of the grain. Some of this type employ 
airflow rates equal to that of continuous-flow dryers. 
Faster drying rate is encountered than in the nornml 
batch dryers particularly during the initial stage of dry
ing when a higher drying air temperature is used. 



MDA 

Figure 3. Schematic of the Kuizon reversible airflow batch dryer. DB. drying bin. reversible airflow; RF. rice-hull furnace 
(twin), smokeless flame; TR. temperature regulator; OF. drying fan, low-speed, centrifugal; ARV, air reversing 
valve; TU & TL. thermometers (upper and lower); GLD, grain loading doors (on both sides of DB); VD, vent 
doors (on both sides of DB); MOA, mechanical door actuator. opens and closes GLOs simultaneously; UP. 
unloading ports (on both sides of OB), 
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Figure 4. Schematic of the flat-bed dryer developed by the University of Agriculture and Forestry, Ho-Cbi-Minh City, 
Vietnam, 

Figure 5 is a schematic drawing of the recirculating 
batch dryer commonly found in the humid tropics. 
This type was first introduced by the Japanese under 
the brand name Satake or Kaneko, with holding capac
ities of 2-3 t.1t has a large holding or tempering bin on 
top with a small drying section at the bottom. The dry
ing section consists of two columns with a grain thick
ness of 15 cm. Paddy is loaded from gunny sacks or 
plastic bags into the elevator hopper at the bottom and 
lifted to the top. When the drying section and the tem
pering bin are full, the drying process begins. ReciTcu
lation is accomplished by a screw conveyor across the 
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bottom to collect the grain, and a bucket elevatorto lift 
the grain back to the top. The drying air temperature 
used ranges from 40 to 50ne and it takes about 12 
hours to dry the grain from 24 to 14% moisture con
tent (m.c.). This dryer is easy-to-operate and self-con
tained since it is equipped with electronic controls for 
regulating the drying air temperature and grain mois
ture content. However, the controls are sensitive to 
dusts and require regular and strict maintenance. 
Besides, the screw conveyor which is subjected to the 
abrasive action of paddy wears out easily and requires 
frequent repair or replacement. 
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Figure 5. Schematic of the Japanese recirculating batch dryer. 

Nowadays, the larger-capacity recirculating batch 
dryers nooding the market in Southeast Asia come 
from Taiwan. They are basically the same as the Japa
nese models, except that due to mass production and 
use of cheaper materials, the cost per unit dryer is 
somewhat lower. These dryers are available in capac
ities ranging from 2.5 to 10 t per unit. They are sold 
usually in a battery of at least four units, together with 
ancillary equipment such as a pre-cleaner, receiving 
and holding bins, and grain handling equipment. 
Many of the big Chinese rice millers in the Philip
pines have this type of dryer because of its capability 
to meet the very fast turnover of stocks (3-5 days) 
and the easy terms of payment. 

Warehouse-Type Dryer 

The International Rice Research Institute CIRRI) 
developed a warehouse-type dryer using non-conven
tional energy sources. The heat source for drying 
comes from a centre-tu be-type furnace fuelled with 
agricultural waste such as rice hulls. coconut husks, 
and saw dust. Two vortex wind machines located on 
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the roof provide the suction pressure to circulate dry
ing air inside the warehouse. The dryer (Fig. 6) has a 
holding capacity of up to 8 tlbatch, suitable for coop
erative or village-level operation, or for a group of 
farmers or rice mill operators. It can be used for dry
ing and storing different commodities in separate lots. 
Experimental drying runs conducted at IRRI in Los 
Banos, Laguna, Philippines showed that 6 t of paddy 
can be dried from 20 to 14% m.c. in 6 hours using a 
drying air tem~erature of 39-42°C and air suction 
rate of 9.83 m Iminute/m3 of paddy (Halos et al. 
1983). In terms of milling quality of dried paddy, 
milling recovery was found to be 67.5% and head rice 
recovery 83.5%. 

This drying technology works effectively only in 
areas where there are consistently high wind veloci
ties to produce the required air suction rate. Besides, 
the present design of the vortex wind machine needs 
improvement to be efficient and economical for its 
intended uses. Vo-Ngoc et al. (1989) conducted 
wind-tunnel testing of the IRRI vortex wind 
machine and recommended some modifications to 
eliminate the reverse flow of air and hence improve 
the efficiency. 
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FURNACE 

Figure 6. Schematic view of warehouse-type dryer developed by the International Rice Research Institute (IRRI). 

More than a decade since its development, this 
warehouse-type dryer remains uncommercialised. 
This is primarily due to the following technical and 
geographic factors. 
• Most of the grain-growing areas in the Philippines 

do not have consistently high wind velocities to 
achieve the minimum air suction rate of 9.83 m3/ 

minlm3 0 fpaddy. 
• The dryer works effectively for skin dry paddy 
(l8~20%) and not for the very wet paddy (>24%) 
common during the wet season. This dryer cannot 
be used for fast pre-drying of wet grains, which is a 
requirement during the wet season peak harvest. 

• The dryer is acceptable only as an intermediate 
technology. 

Natural Convection Dryer 

Manilay (1984) described a natural convection dryer 
(modified Brooks dryer) developed by the Silliman 
University College of Agriculture (SUCA) suitable 
for small-scale maize farmers of Central Visayas in 
the Philippines. The dryer (Fig. 7) is made up of 
indigenous materials and uses firewood, coconut 
husks, or maize cobs as fuel for the oil drum surface 
and heat exchanger. Air above the drum surface is 
heated and is induced upward by a removable ply
wood hood placed above a 2.4 x 0.25 m tray with per
forated sheet-metal flooring. Under normal operating 
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conditions, about 750 kg of shelled maize at 15 cm 
grain depth could be dried from an initial moisture 
content of 24% to a final moisture content of 14% in 
8 hours. 

This dryer has found its place in the province of 
Negros Oriental, Central Visayas, Philippines where 
over fifty (50) units are now being used by individual 
farmers and farmer associations. The successful 
adoption of this dryer in the area can be attributed to 
the following factors: 
• low investment and operating costs; 
• simplicity of design; 
• ease of operation; 
• indigenous materials used for construction; 
• higher farm-gate price of dried maize; and 
• relatively lower initial moisture content (21 ~ 14%) 

of maize for drying and small volume of harvest. 
In Indonesia, a study was conducted by Soeman

gat et al. (1989) on local versions of this type of pit 
dryer for maize. They modified the pit dryer and 
constructed four versions which vary in terms of 
indigenous materials of construction. Results of the 
study showed that about 1 t of shelled maize at 20 
cm grain thickness can be dried from 30 to 17% in 8 
hours. For maize in cobs, 1 t at 35 cm thickness can 
be dried from 32 to 17% in 16 hours. The drying 
margin is calculated to be twice as much as the max
imum drying cost, making the dryer potentially 
profitable. 
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Figure 7. Schematic drawing of the SiIliman University College of Agriculture (SUCA) pit-type maize dryer. 

Jindal et al. (1987) of the Asian Institute of Tech
nology (AIT) developed an AIT version of a natural 
convection grain dryer. This dryer is basically an 
experimental one with a holding capacity of 240 kg of 
wet paddy. The dryer (Fig. 8) is composed of four 
thin vertical columns (IO cm thickness) exposed on 
both sides to hot air. The lower part of each column is 
inclined by 30 degrees to allow gravitational unload
ing of paddy. A windmill on top of the drying col
umns provides additional draft 10 increase the airflow 
rate. The drying air is heated by a pipe heat
exchanger using an inclined step grate rice-hull fur
nace. Drying tests showed that 240 kg of wet paddy 
could be dried from 24 to 14% m.c. in 46 hours at a 
drying air temperature of 45°C. 

Pre-Dryers 

As a result of the recommended two-stage drying strat
egy to alleviate the wet grain handling problems in the 
humid tropics, various designs have been developed 
for first-stage dryers or pre-dryers. Thcse pre-dryers 
are intended to rapidly dry the high moisture harvest 
down to about 18%, at which the grain can be stored 
safely for about 3 weeks. Some of these pre-dryers 
have gone through wide-scale adoption while others 
are still in the experimental or development stage. 

NAPHIRE 'flash' dryers 

NAPHIRE has developed rapid pre-dryers for dry
ing paddy from 24 to 18% in IS minutes using a dry
ing air temperature of 80-90°C with minimal effect 
on milling quality. The original design was a 300 kg 
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capacity mobile. batch type consisting of two vertical 
columns (15 cm thick per column) with a reversible 
airflow feature to minimise the moisture gradient 
within the bed thickness to about I %. During the time 
this dryer was conceptualised, the need for mobility 
existed since there were still many areas where trans
port facilities were lacking. Hence, the capacity of 
this dryer was limited to 300 kg. A modified version 
of the dryer (Fig. 9) had been made which operates in 
continuous-flow to eliminate downtime and increase 
the capacity. The continuous-flow version has a cool
ing section to cool down the grain to within sce of 
ambient air temperature. It has also provision for 
recycling the exhaust air from the drying and cooling 
sections to save energy consumption by as much as 
35%, The pre-drying capacity ranges from 500-600 
kg/hour depending on the initial moisture content. 
The heat for drying comes from either a kerosene 
burner or a rice-hull furnace. Air requirement is sup
plied by a blower with a capacity of 85 m~/min at 190 
Pa static pressure. A 7 h.p. gasoline engine provides 
the power needed for the blower and other drives. 

Further modifications of this dryer were made to 
provide flexibility in operation. These include the 
provision for recirculating the grain back into the dry
ing section and using two sources of heat, a rice-hull 
furnace as main heat source and a kerosene burner as 
a back up heater. With the grain recirculating feature, 
it is possible to completely dry the grain from 18 to 
14% m.c. in two-passes using drying air temperature 
of 60°C. A stationary version was also developed for 
those users that need no field drying and that require 
higher drying capacity. The stationary models have 
capacities of I.S-3.0 tlhour. 
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Figure 9. Schematic of the mobile 'flash 
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Figure 8. Schematic of the Asian Insti
tute of Technology (AIT) 
natural convection dryer. 
(left) 

Pneumatic tyre 



This pre-dryer has reached the commercialisation 
stage with the support of the extension program of 
NAPHlRE and the Grain Production Enhancement 
Program (GPEP) of the Philippine Department of Agri
culture. There are now 14 accredited manufacturers 
nation-wide producing and selling this dryer. About 
WOO units had been sold nationwide since 1992. 

Rotary 'flash' dryer 

The Philippine Department of Agriculture and IRRI 
collaborated in the development of a paddy pre-dryer 
for small and medium-scale rice millers, traders and 
farmer cooperatives in typhoon prone areas. Stickney 
et al. (1988) reported the prototype dryer with a capac
ity of 0,8-1.3 tlhour, pre-drying the wet paddy from 
23-32% initial moisture content to around 16-18%. 
Paddy grain is heated to a high temperature of 80--
95°C for about 100 sec exposure time without detri
mental effect on the milling quality, except that milled 
rice appeared yellowish due to a parboiling effect. 
Combustible gases from the rice hull gasifier are com
pletely burned to provide hot air for heating the rotary 
drum. The pre-dried paddy is then briefly sun dried to 
about 14% during favourable weather conditions. 

The original prototype has gone through some 
modilications to make it commercially attractive. The 
latest version (Fig. 10) was developed by Engr. A.T. 
Belonio of the Central Philippine University in Iloilo, 
Philippines. 

The modifications include the use of a rice-hull fur
nace instead of a gasifier, a compact cooling section, 
and a centralised drive from a 6 h.p, diesel engine. This 
dryer is exclusively manufactured by Jamandre Indus-
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Figure 10. The rotary conduction 'flash' dryer. 
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tries Inc. based in Hoilo. It comes in two capacities: 
250--500 and 500-700 kg/hour. More than fifty units 
have been sold in IIoilo and neighbouring provinces. 

IRRI developed a rotary pre-dryer that is mobile, 
simple in design, and uses indigenous construction 
materials. Jeon et al. (\ 989) described the rotary pre
dryer suitable for paddy, maize, peanuts, and coffee 
beans. The dryer (Fig. 1 I) has a throughput capacity 
of 200 kg/hour at a recommended rotating drum 
speed of 6 rpm. A small axial fan supplies the air 
needed for combustion. The fan and the drum are 
driven manually through a series of shaft and chain 
links. The drum temperature is kept at 150--200°C to 
limit the grain temperature to below 70°C. 

Results of the drying tests showed that a one-pass 
pre-drying did not affect milling quality except for 
lower degree of whiteness. This dryer was not com
mercialised primarily because of very small capacity 
and labour-intensive operation. 

AIT has developed a rotary dryer intended for dis
infestation and rapid pre-drying of high moisture 
paddy. The experimental dryer (Fig. 12) consists 
basically of an inclined step grate-type furnace and a 
cylinder that rotates slowly in the flue gas chamber. A 
continuous helical spiral is attached to the inside wall 
of the cylinder. A study by lindal and Obaldo (1987) 
showed a suitable heating surface temperature of 
lOO-180°C (capable of drying paddy from 26.9 to 
about 16% m.c. without significant reduction in mill
ing quality). The heating of paddy suppressed fungal 
growth and respiration rate effectively. The viability 
of the paddy seeds was drastically reduced to as low 
as 2% germination rate. 
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Figure 11. Plan drawing of the International Rice Research Institute (IRRI) pre-dryer. (Model with cooling fan at the dis
charge end.) 

Figure 12. Schematic of the Asian Institute of Technology (AIT) rotary pre-dryer: I, rice-husk hopper; 2, furnace; 2a, adjust
able inclined grate; 2b, adjustable ash trap; 2c, ash collector; 2d. brick wall; 2e, husk tlow equaliser; 3. paddy inlet 
hopper; 4, electromagnetic vibrator; 5, brick dryer housing; 6. rotary dryer; 7, perforated rotary cooler; 8, electric 
motor; 9, chain drive; 10, ball bearing; 11, paddy outlet guide: 12, angle bar frame; 13, helical baffles; 14. chim
ney; 15, tlange joint. 
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Fluidised-bed dryer 

A fluidised-bed dryer is one where the ~rain is sub
jected to a very high airflow (up to 150 m'tminlm2 of 
drying floor area) causing the grain to suspend in the 
air and exhibit fluid-like behaviour. A drying air tem
perat~re of up to 120°C is used to effect a high heat 
tra~sfer rate. Because grains particularly rice and 
ma.1Z~ are sensitive to fissuring at high temperatures, 
fluI?lsed-bed dryers are suitable only for first-stage 
drymg where the high moisture grains are pre-dried to 
around 18% moisture content. Tumambing (1993) 
and Soponronnarit and Prachayawarakorn (1995) 
conducted laboratory-scale continuous fluidised-bed 
dIfing 0: high moisture paddy and found that paddy 
with mOisture contents greater than 24% (wet basis) 
was pre-dried to about 18% using a drying air temper
ature of over 100°C and an air velocity of about 2 rnfs 
w~thout de~ri~lental effect to milling quality. The ben
efits of flUidIsed-bed drying are fast drying rate, uni
form product moisture content, and reasonable energy 
consumption when used for pre-drying and thermal 
disinfestation of the grain. 

A prototype I tlhour continuous fluidised bed dryer 
was. const:ucted and installed by King Mongkut's 
~nstltute of Technology Thonburi and Rice Engineer
mg Supply Co. Ltd. at a paddy merchant's site in Thai
land. The prototype dryer was successfully used during 
the 1994 harvesting season (Soponronnarit 1995). 

Spouted-bed dryer 

A spouted-bed dryer as the name implies is charac
terised by a spouting bed of particles or grains in the 
~entre of a conical-cylindrical chamber. The spouting 
IS brought about by blowing high-velocity air throucrh 
a small section at the bottom of the bed. As in the ca~e 0: a fluidised-bed dryer, spouted-bed dryers have 
high heat and mass transfer rates and good mixino of 
grains. They compare favourably with fluidised-bed 
dryers i.n terms of capital and operating costs, due to 
lower airflow rates. 

Srzednicki and Driscoll (1993) reported a laboratory 
study on the drying behaviour of paddy and maize 
using a conical-cylindrical spouted bed dryer. It has 
been found that a two-compartment drying model was 
adequate t~ describe the falling rate process. Develop
ment. of thiS. type of dryer for use as a first-stage dryer 
for hIgh mOisture grains was limited to laboratory scale 
due to scaling-up problems of the design. 

Conclusions and Recommendations 

Small-s~ale dryers in the region have varying degrees 
of adoption. Some have reached the point of commer
cialisation while others remained at the experimental 
and development stages. From the preceding review 
and evaluation made of the different small-scale dry-
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ers, some recommendations can be made for a partic
ular type of dryer, if it is to be widely adopted: 
• Before proce:ding with the design and develop

ment of a particular type of dryer, a systems or mar
ket study should first be done, taking into 
consideration the specific drying requirements of 
the target end-users, its affordability, social con
straints, environmental impact and gender sensi
tiveness. The features common to commercialised 
dIfers are affordability, ease of operation, low oper
atmg cost, high capacity, and flexible operation. 

• The basic principles associated with the dryin<J 
process and its design are now fully understood and 
almost perfected, such that simulation models are 
now becoming a basic tool of dryer designers. 
However, what seems to be needed now is not a 
novel dryer design but rather to take advantage of 
the good features of existing dryer designs and 
maximise the benefits that can be derived by retro
fitting them into the specific requirements of the 
end-user. 

• There should be some programs from government 
or private agencies geared towards the extension 
and commercialisation of proven, appropriate dry
ing technologies. 

• The 'copy-cat' propensity among Southeast Asians 
s?ould be exploited by way of creating success sto
nes or showcases to provide multiplier effect. 

• The dryer manufacturers should have active 
involvement in the development of a dryer, at least 
i~ the fine tuning of the prototype. This is to pro
Vide them with the knowledge about the dryer nec
essary during the training of end-users on dryer 
operation. Besides, the manufacturer is skilled in 
optimising the material specification and construct
ing the dryer into a saleable form. 

• Th? ?eveloped dryer ~hould not only be technically 
effiCient and economically viable but it should also 
be socially acceptable, enviromentally friendly, 
and gender sensitive. 
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Use of Continuous-flow Grain Dryers in Thailand 

Keeradit Bovornusvakool* 

Abstract 

This paper describes the development and application of continuous-flow grain dryers for the maize, soy
bean, and paddy industries in Thailand. The most popular locally made unit is an LSU-type cross-flow dryer 
with perpendicular air baffles that give more homogeneous drying than one-directional air baffles. The main 
features of this dryer, including air volume, heat source and combustion characteristics. and pollution con
trol, are considered. The operational, environmental, and cost advantages and disadvantages of different en
ergy sources are considered. The performances of different types of continuous-flow dryers are compared. 

ANNUAL grain production capacity of Thailand 
(Table I) is more than 20 Mt, comprising mainly 
paddy, maize, and soybeans. 

Grain Dryer Development in Thailand 

Maize tJl ying 

Mechanical drying of grain was first introduced into 
Thailand about 30 years ago, at the large, maize
export terminals. A handful of imported dryers inade
quately served several million tonnes of wet grain. All 
export terminals were located in Bangkok or suburban 
areas. Traffic congestion drove the terminals to a spe
cial, up-country grain-export zone 15 years later. 
Aflatoxin effects again drove the drying facilities 
northwards, where most of the maize is grown, so that 
the grain could be dried immediately after harvest. 

As the dryers moved northwards, against the flow 
of the maize to be exported and approaching the 
maize-growing area, their ownership shifted from 
large conglomerates to small individual rural mer
chants. Concomitantly. dryer sizes decreased, from 
industrial terminal scale with sophisticated handling 
and cleaning systems, to smaller, single units with 
only one or two items of handling equipment. 

Soybean drying 

Soybean drying has been a success story because 
the temperatures and exposure times required are 
similar to those for maize. Soy bean drying is 
restricted to the large-scale soy bean oil industry. 

* N-Line Agro International Co. Ltd, 171 Soi Arumduang, 
Bangphongphang, Yannawa, Bangkok, Thailand. 
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Paddy drying 

Mechanical drying of paddy was initially done 
incorrectly: without proper knowledge, people tried 
to dry paddy in the same way as they did maize. The 
outcome was a disastrous reduction in head rice yield 
and drying therefore was discouraged. 

Table 1. Production of major grain crops in Thailand. 

Year (July-June) Maize (Mt) Paddy (Mt) Soybean (t) 

1985-86 5.35 17.93 309.424 

1986-87 4.09 16.33 356.484 

1987-88 2.31 15.33 337,745 

1988-89 4.50 17.55 516,811 

1989-90 4.39 18.48 672.368 

1990-91 3.72 14.90 530,112 

1991-92 3.50 17.51 435.587 

1992-93 3.50 17.30 480,148 

1993-94 2.85 16.48 513,099 

1994-95 4.12 18.07 527,580 

1995-96 4.04 n.a. 533,994 

Source: Center for Agricultural Statistics, Office of Agricultural 
Economics, Ministry of Agriculture and Cooperatives, Bang-
kok. Thailand. 

In fact, the drying hardware or equipment for maize 
and paddy are exactly the same: the same dryer, the 
same fan, the same controlling system, etc. The only 
difference is in the software; that is, the technique of 
how to dry paddy properly. Many textbooks state the 
need to have an 8-12 hour tempering period between 



subsequent passes through the dryer. This again dis
couraged the use of continuous dryers for paddy as a 
very large scale investment would be involved for the 
various stages, including specially designed temper
ing bins and complicated material handling systems. 
In Malaysia, people swayed by this theory even 
turned to inefficient flat-bed dryers. 

It was eventually verified that a single, continuous
flow, recirculating batch dryer with simple feed and 
discharge systems can give satisfactory head rice 
yields; much better, indeed, than conventional sun 
drying if the system is designed and operated prop
erly. Moreover, artificial drying is-in the long run
more economic. 

Parboiled rice drying 

Artificial drying for parboiled rice is uncommon, 
because of the large initial investment needed. 
Because of the excessive moisture content of paddy 
after soaking in water, to dry parboiled needs kiln 
dryers and a series of continuous-flow vertical dryers, 
in addition to the continuous steaming equipment. 
Thus, artificial drying facilities for parboiled rice are 
limited to only the few leaders in the business who 
can afford them. 

As the parboiled rice-drying proeess is continuous 
and can be fully automated, eontrol of rice appear
ance can be achieved by varying parameters such as 
steaming pressure, soaking and steaming time, tem
perature, etc. 

Table 2. Comparison of fuel consumption in 'N-Line' dryers. 

Milled rice drying 

A new strategy has been developed to obtain better 
head rice yield after milling. The paddy is milled at 
16-17% moisture content (m.c.) in order to reduee 
the amount of broken rice, after which the milled rice 
will be dried again in a continuous-flow dryer to the 
storage moisture content of 14%. 

Key Features of Popular Drying Units 
Made Locally 

The author has considerable experience with cross
flow continuous dryers with two-directional air baf
fles for maize, soybean, and paddy, and with several 
fuels such as fuel oil, diesel fuel, husks, cobs, steam 
heat exchangers, etc. He has also developed dryers 
for seed, with the goal of maximising germination. 
From his experience, the following are the key fea
tures with a bearing on the perfonnanee of grain dry
ers in Thailand. 

Two-directional air bames 

The LSU-type cross-low dryer with perpendicular 
air baffles has proven to dry more unifonnly than 
dryers with unidirectional air bames. 

Air volume 

Air volume has a very significant role in drying. 
Some manufacturers have tried to discount the 

Cost 
components 

Fuel oil or diesel oil Steam heat exchanger Rice husk:. maize cobs. or solid 
waste fuels 

Heating 

Operation 

Environmental 
effects 

Variable cost 

Maintenance 
cost 

Direct heating 
contributing to highest 
efficiency 

Fully automatic 

Negligible, if sulfur
rich oil is avoided and 
complete combustion 
is achieved 

Cheaper than steam
heated dryer but dearer 
than husk-fired dryer 

Lowest 

Indirect via coil heat exchanger 

Fully automatic for steam control 

In case of oil-fired boiler, negligible if 
sulfur-rich oil is avoided and complete 
combustion is ensured. In case of husk
fired boiler, ashes from husk can be 
collected by means of wet scrubber 

In case of oil-fired boiler, dearest. In case 
of husk-fired. dearer than husk- fired 
dryer but cheaper than oil-fired dryer 

Dearer than oil-fired dryer but cheaper 
than husk fired dryer 
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Indirect heat via pipe heat 
exchanger. Proper design and 
configuration to avoid direct 
radiation can lead to longer dryer 
life 

Manual or semi-automatic by 
setting upper and lower temperature 
limits for automatic feeder 

Ashes from husk can be collected 
by wet scrubber 

Lowest 

Highest 



amount of air, so as to avoid high-cost fans. A low 
pressure head and a fan delivering a large volume of 
air should be used for successful drying and should 
also result in energy savings. The advantage of a 
large air volume is more obvious in larger size dryers. 
The recommendations of Morey et aL (1974) on air 
volume have been found to be sound. 

Complete combustion 

In case of oil burners, in most of the countries in 
Asia, the price of fuel oil is normally cheaper than 
diesel oil. Also, compared weight for weight, the cal
orific value offuel oil is greater than that of diesel oil. 
Most of the dryer manufacturers had to use diesel oil 
because of their failure to ensure complete combus
tion, resulting in dried grain contaminated with a taf
like residue. This undesired effect is more obvious in 
maize drying where the germ area is white and vul
nerable to contamination. Any dryer doing well in the 
maize business is a virtual guarantee that it is causing 
no contamination. In order to achieve complete com
bustion, besides having the proper fuel-air ratio, the 
design of secondary air and tertiary air is very impor-
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tanto Ignition port and combustion chamber design 
play significant roles in ensuring complete combus
tion. Insulation of these areas is also important. Table 
2 compares fuel consumption and running costs of 
'N-Line' dryers using various fuels. 

Oil burner 

Burners with modulating control are better than two
stage burners as continuous function as continuous 
adjustment is better than step-function adjustment. 

Pollution control 

The use of artificial dryers was initially impeded 
by the resulting air pollution; it was only after the ini
tiation and success of dust filtration that they came to 
be generally accepted. 

The main difficulty in collecting dust from dryers 
is the very large volume of air that needs to be han
dled. Trapping dust from large volumes of dust-laden 
air in self-revolving rotary filters, and the use of high 
suction but low volume fans to extract the dust from 
the filters have proven to be successful strategies. 



Fluidised-bed Paddy Drying 

Somchart Soponronnarit* 

Abstract 

The development of fluidised-bed paddy drying in Thailand is described in this paper, starting with an ex
perimental batch dryer and culminating with a commercial continuous-flow dryer. A mathematical model 
of the fluidised-bed paddy drying system is derived. 

Fluidised-bed paddy dryer is now fully commercialised in Thailand. The potential is great, especially for 
high moisture grain. 

COMBINE harvesting of paddy is becoming popular in 
Thailand, especially in the central and lower northern 
regions of the country. Consequently, the problem of 
high moisture grain is now very serious. Rice mills 
are responsible for the problem due to strong compe
tition for grain and therefore are looking for appropri
ate methods of drying. It has been suggested that high 
moisture paddy should be dried quickly to approxi
mately 23% moisture content (dry basisl) then sub
jected to ambient air drying in storage (Soponronnarit 
et al. 1994; Driscoll and Srzednicki 1991). Following 
two-stage drying, cost and product quality appear to 
be optimised. During the first stage, fluidised-bed 
drying is an alternative to conventional hot-air dry
ing. Its advantages are: (I) unifonn product moisture 
content, and thus high drying air temperature can be 
employed but with less overdried grain; (2) high dry
ing capacity due to better heat and mass transfer; and 
(3) a much smaller drying chamber and thus a signifi
cantly lower initial cost. 

Soponronnarit and Prachayawarakom (1994) 
reviewed research and development work on fluid
ised-bed drying of grain, and conducted both experi
mental and simulation studies on batch fluidised-bed 
paddy drying (Fig. I). Their results showed that the 
maximum drying air temperature had to be limited to 
IIS"C and final moisture content of paddy to 24-25% 
if product quality in terms of head rice yield and col-

* School of Energy and Materials, King Mongk'Ut's Insti· 
tute of Technology Thonburi, Suksawat 48 Road, Bang
kok 10 14D, Thailand. 

I Unless otherwise stated, the moisture contents (m.c.) 
quoted in this paper are dry basis. 
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our were to be maintained. To maXimIse drying 
capacity and minimise energy consumption, an air 
velocity of 4.4 m/s, bed thickness of 9.S cm (corre
sponding to a specific airt10w rate of 0.1 kg/s/kg dry 
matter of paddy), and fraction of air recycled of 80% 
should be employed. Specific energy consumption in 
terms of primary energy, which is equal to heat plus 
2.6 times electricity, was reported at approximately 
7.5 MJ/kg of water evaporated. An economic analysis 
showed that the total drying cost was approximately 
US$0.08/kg of water evaporated. Both figures, 
energy consumption and total cost, are relatively 
attractive, particularly for Thai conditions. 

Soponronnarit et al. (1996a) described the develop
ment of a cross-flow, fluidised-bed paddy dryer with 
a capacity of 200 kg/hour (Fig. 2). Experimental 
results showed that final moisture content of paddy 
should not be lower than 23% if quality in tenns of 
both whiteness and head yield were to be maintained. 
Drying air temperature was IIS"C, Simulation results 
indicated that the appropriate operating parameters 
should be as follows: air speed, 2.3 mls; bed thick
ness, 10 cm; and fraction of air recycled of 80%. With 
these conditions, energy consumption was close to 
the minimum, while drying capacity was near maxi
mal. In this study, moisture of paddy was reduced 
from 30 to 24%. 

Following the suecess of the development of the 
cross-flow fluidised-bed paddy dryer, Rice Engineer
ing Supply Co. Ltd, a private company in Thailand, 
showed interest in collaborating in the development of 
a prototype with a capacity of approximately I tlhour 
(Soponronnarit et a1. 1996b). The prototype is shown 
diagrammatically in Figure 3. It comprises a drying 
section, a 7.5 kW backward curved blade centrifugal 
fan, a diesel fuel-oil burner, and a cyclone. The bed 
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length, width, and height of the drying section are L 7, 
0.3, and 1.2 m, respectively. The depth of the paddy 
bed is control1ed by a weir. Paddy is fed in and out by 
rotary feeders. In operation, hot air (temperature con
trolled by thermostat) is blown into the drying section 
through a perforated steel sheet floor. The air and 
grain flows are perpendicular to each other. A small 
portion of the air leaving the drying chamber is vented 
to the atmosphere. while the remainder, after cleaning 
in a cyclone, is recycled to the dryer following mixing 
with ambient air and reheating to the desired tempera
ture. The feed rate of paddy can be varied from less 
than I t to more than 1.5 t. More detail is given in 
Yapha (1994). Experimental results showed that the 
unit operated efficiently and yielded high product 
quality in terms of head yield and whiteness. In reduc
ing the moisture content from 45 to 24% using an air 
temperature of lOO-120°C. a fraction of air recycled 
of 0.66, a specifk airflow rate of 0.05 kgls/kg dry 
matter, a superficial air velocity of 3.2 m/s, and a bed 
depth of 0.1 m, total primary energy consumption was 
2.32 MJ/kg of water evaporated. of which 0.35 was 
primary energy from electricity (electrical energy 
multiplied by 2.6) and 1.79 was primary energy in 
terms of heat. 

" ambient air 8 - dry bulb 9 wet bulb 

As a result of the success of the prototype, com
mercial fluidised-bed paddy dryers with capacities of 
5 and 10 tlhour are now available. More than 20 units 
have been sold since the beginning of 1995. 

The objective of this paper is to describe the devel
opment of fluidised-bed paddy drying, including the 
mathematical model used. Important results obtained 
from both laboratory-scale and prototype dryers will 
be presented. 

Development of Mathematical Model 

It was assumed that there was thermal equilibrium 
between drying air and product and that the air and 
grain flow were plug type. The model is similar to 
that presented by Soponronnarit and Prachayawara
korn (1994). Figure 2 shows control volumes (CVs) 
for the derivation of energy and mass equations based 
on fundamental physical laws. 

1. Equation of mean residence time 

The empirical equation of mean residence time of 
paddy developed by Sripawatakul (1994) was used. It 
is written as follows: 

paddy in 

\ 

exhausted air 

! 
! 
! 

drying chamber 

3 4 

7 

paddy out 

Figure 3. Diagram of fluidised-bed paddy dryer. Numbers indicate where temperature measurements were taken. 
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1:=hulF (1) 

where 1: = mean residence time, seconds (s) 
hu = hold up, kg 
F = feed rate, kgls 

and hu = [ {- 0.0095000 + 0.59870 F - (0.00020000 
+ 0.17360 F) V}+ {1.l728 - 0.082300 V + 
(2.2093 - 0.15050 V) F} h] Pp A 

where A = reactor area, m2 

V = air velocity, mls 
Pp = average product density, kg/m3 

h = weir height, m 

It is valid for weir heights in the range 0.04--0.10 
m, air velocities in the range 1.7-2.3 mls, and paddy 
feed rates in the range 0.025-0.058 kg/so For a rough 
calculation, hu is approximately equal to h A pp. 

Dividing the paddy bulk into n layers, changes in 
moisture content of paddy, temperature, and the 
humidity ratio of air were calculated for each layer. 
The following basic equations were employed. 

2. Equation of drying rate 

The empirical equation for fluidised-bed paddy 
drying in the form of the equation of Page (1949), 
developed by Sripawatakul (1994), was used. It is 
written as follows: 

MR =exp (- xt Y) (2) 

where MR = (M - Meq)/(Min - Meq) 
t = drying time, min 
x = 0.00163100 Tmix - 1.16202 (mmix/hu) + 
0.00415300 (mmixlhu) T mix + 0.147383 In 
(mmix/hu) + 0.474743 
y = - 0.00322000 T mix - 0.835960 (mmix/hu) 
+ 0.0203190 (mmix/hu) Tmix - 0.143150 In 
(mmix/hu) + 0.548493 

Equation (2) is similar to that developed by Sopon
ronnarit and Prachayawarakom (1994) for higher spe
cific airflow rate (mmix/hu). It is valid for 
temperatures of 90-140°C and specific airflow rates 
of 0.03-0.16 kg/s/kg dry matter of paddy. The sym
bols are defined as follows: 

M= 

Min= 

moisture content of paddy at time t, decimal 
dry basis 
moisture content of paddy at the inlet of dry
ing section, decimal dry basis 
equilibrium moisture content, decimal dry 
basis 

Tmix = air temperature at the inlet of drying section, °C 
mmix = airflow rate at the inlet of drying section, kg/s 

During calculation, Equation (2) was differentiated 
with time, and finite difference was employed to 
obtain the solution. Equilibrium moisture content was 
determined using the equation developed by Laithong 
(1987). 
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3. Equation of mass conservation 

Wn,i = R(Mi-Mf) + Wmix (3) 

where Wfl i = humidity ratio of outlet air at the ith 
layer, kg water/kg dry air 
W mix = humidity ratio of inlet air at the ith 
layer, kg water/kg dry air 
Mi = moisture content of paddy at the inlet of 
ith layer, decimal dry basis 
Mf = moisture content of paddy at the outlet 
of ith layer, decimal dry basis 
R = ratio of dry mass of paddy to mass of dry 
air. 

4. Equation of energy conservation 

TfI i = [Q/mmix + CaTmix + Wmix (~fg + Cv 
Tm:X>-Wn,i hfg + RCpwTmix]/(Ca + Wfl,i Cv 
+ RCpw) 

(4) 

where Tf , i = temperature of outlet air at the ith 
laye~, °C 
Q, = heat loss, kW 
Ca = specific heat of dry air, kJ/kg °C 
Cv = specific heat of vapour, kJ/kg °C 
Cpw = specific heat of wet paddy, kJ/kg °C 
hfg = latent heat of moisture vaporisation, kJ/ 
kg 

Average temperature and humidity ratio of the outlet 
air from n layers were determined by arithmetic mean. 

For other calculations such as mixing of air 
streams, and consumption of energy at the fan and the 
heater, solutions can be achieved by the application 
of first law of thermodynamics [see Soponronnarit 
and Prachayawarakom (1994) for details]. 

The equations were solved by iteration. Firstly, the 
value of exit humidity ratio of air was assumed. The 
equations presented by Wilhelm (1976) were used to 
determine properties of moist air. 

The accuracy of the mathematical model was 
tested and found to be in good agreement with the 
experimental results. The model was employed to 
investigate optimum operating parameters such as air 
temperature, specific airflow rate, and fraction of air 
recycled. Details are available in Soponronnarit et al. 
(1996a). 

Performance of Fluidised-bed Dryer 

Minimum fluidised-bed velocity 

From the experimental results reported by Sopon
ronnarit and Prachayawarakom (1994), the minimum 
fluidised-bed velocity for paddy was approximately 
1.65 mls and increased with moisture content. The 
relationship between pressure drop across the paddy 
bed and bed velocity is presented in Figure 4. 



Paddy quality 

According to the experimental results on paddy 
quality reported by Soponronnarit and Prachayawara
kom (1994), for drying temperatures of 100 and 
130°C, relative head yield, which is defined as the 
ratio of head yield to reference head yield (paddy 
dried by ambient air), dropped rapidly (below 80-
90%) when moisture content after drying reached 
about 23-26% as shown in Figure 5. Initial moisture 
content was 45.3% dry-basis. Due to the relatively 
fast drying rate, the grain surface became hard rapidly 
and resulted in cracking of grain kernels if drying 
continued. For a drying temperature of 150<?C, rela
tive head yield increased when final moisture content 
decreased. This was due to a gelatinisation effect. 
Figure 6 shows the relationship between relative 
whiteness as measured by Kett meter and final mois
ture content. The initial moisture content was 45.3%. 
It could be concluded that relative whiteness was 
higher than 90% (still acceptable) for all final mois
ture contents if drying air temperature was 100°C. 
However, relative whiteness decreased relatively rap
idly with decreased final moisture content, particu
lar! y at 130 and 150°C. It was believed that 
decreasing whiteness was due to caramelisation. 

Prototype fluidised-bed dryer 

The prototype fluidised-bed paddy dryer shown in 
Figure 7 and described at the beginning of this paper 
was tested first at the Rice Engineering Supply Co. 
Ltd for 2 hours (2 passes). The unit was then trans
ported and installed at Koong Lhee Chan, a paddy 
merchant site, and was tested for 1497 hours during 
the wet harvest season in 1994. Approximately 1211 t 
of paddy were dried from different initial moisture 
contents to approximately 23%. For the analysis, data 
obtained from 70 hours of use were employed (Sopo
nronnarit et at 1996b). 

Moisture content of paddy 

Figure 8 shows the relationship between inlet and 
outlet moisture content for paddy drying tests con
ducted at the Rice Engineering Supply Co. Ltd. Feed 
rate was I tlhour, inlet air temperature was 60°C, ini
tial moisture content of paddy was 26% dry-basis and 
resident time was 1.8 minutes. Moisture was reduced 
by approximately 4 and 1.5% during the first and sec
ond passes, respectively. 

At Koong Lhee Chan, the feed rate was 0.82 tlhour, 
inlet air temperature was 100°C, initial moisture was 
45%, and residence time was 2.2 minutes. Moisture 
was reduced 20% as shown in Figure 9. Other tests 
gave similar results. 

From Figures 8 and 9, it may be concluded that flu
idised-bed drying is more efficient at higher paddy 
moisture levels. 
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Figure S. Relationship between relative head yield and 
final moisture content in fluidised-bed drying at 
different temperatures (Mi = 45.30% dry basis). 

110 

c~ 100 

~ 
100'C 
/' 

'" 90 <J) 

ID 
C 
<l) 

t ",." " '. ''''' "" .c 
80 := 

Ql 

~ • • l00"C 
Qi 70 If • 130°C 
a: • 150"C 

60 
• .I.~r~nce whiteness = 42,9 

12 16 20 24 28 32 36 40 
Final moisture content (% db) 

Figure 6. Relationship between relative whiteness and 
final moisture content in fluidised-bed drying at 
different temperatures (Mi - 45.30% dry basis). 



35 

30 

:0-
D 25 
~ 0 

C 20 (l) 

C 
0 

15 u 
~ 
::l 
10 10 '0 
::2' 

5 

0 
0 

50 

o 
30 

Figure 7. Prototype I tlhour fluidi sed· bed paddy dryer. 

First experiment Second experiment 

• Inlet moisture content 

• Outlet moisture content 

10 20 30 40 50 60 70 80 90 100 110 120 

Drying time (min) 

• Inlet moisture content 

• Outlet moisture content 

I I I I I I I ~ 

80 130 180 230 280 330 380 430 

Drying time (min) 

206 

Figure 8. Relationship between inlet 
and outlet moisture of paddy 
with tluidised· bed inlet air 
temperature of 6QoC (at Rice 
Engineering Supply Co. Lld) . 

Figure 9. Relationship between inlet 
and outlet moisture of paddy 
with fluidised-bed inlet air 
temperature of !OQoC (at 
Koong Lhee Chan) . 



Temperatures 

For low inlet air temperature (60°C) and low initial 
moisture content of paddy (26%), average outlet air 
temperature was close to (just below) outlet grain 
temperature, as shown in Figure 10. In contrast, the 
two temperatures were significantly different for high 
inlet air temperature (100°C) and high initial moisture 
content of paddy (45 %), as shown in Figure 11. 

Energy consumption 

For drying paddy from 26 to 2 J % dry-basis with a 
feed rate of J tfhour, specific air flow rate of 0.05 kgl 
s-kg dry matter, drying air temperature of 60 "C and 
fraction of air recycled of 0.66, it required a total pri
mary energy consumption of 5.7 MJ/kg water evapo
rated. of which 2.45 was primary energy from 
electricity (electrical energy multiplied by 2.6) and 
3.42 was primary energy in terms of heat. During the 
test, average ambient air temperature and relative 
humidity were 35.7 QC and 67.1 % respectively. 

For drying paddy from 45 to 24% with a feed rate 
of 0.82 t/hour, drying air temperature of lOO-200°C 
and approximately the same specific airflow rate and 
fraction of air recycled, it required total primary 
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energy of 2.32 MJ/kg of water evaporated, of which 
0.53 was primary energy from electricity and 1.79 
was primary energy in terms of heat. During the test, 
average ambient air temperature and relative humid
ity were 36.6°C and 59%, respectively. 

Electrical power needed for various pieces of 
equipment was reported as follows: electrical motor 
for driving fan, 4.93 kW; electrical motors for driving 
rotary feeders (in and out), 0.72 kW; electrical motor 
for bucket elevator, 0.79 kW; diesel fuel oil burner, 
0.11 kW. In total, the electrical power was 6.55 kW 
and heating power 60.4 kW. 

Paddy quality 

Figure 12 shows that head yield of paddy dried in 
the Iluidised-bed dryer with an inlet air temperature 
of lOO-120°C is, on average, approximately 6.5% 
less than the reference paddy which was dried by 
ambient air (56.9%). Figure 13 shows the result of 
whiteness. It indicates that the whiteness of paddy 
dried in the fluidised-bed dryer or dried by ambient 
air is nearly the same. The above results confirm the 
findings of Soponronnarit and Prachayawarakom 
(1994) and Sutherland and Ghaly (1992). 
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Figure n. Evolution of temperatures in 
fluidised-bed dryer at Koong 
Lhee Chan. 



Long term testing 

Throughout the wet harvest period of 1994, the 
prototype fluidised-bed dryer was used for 1497 
hours, and approximately 1211 t of paddy were dried. 
No repair was required. The owner of the paddy mer
chant site reported that the unit as follows: easy of 
use; had a very fast drying rate, especially at high 
moisture levels; consumed less energy in terms of 
electricity and diesel fuel-oil; and yielded a more uni
form product moisture content than the two existing 
cross-flow columnar dryers at the site. 

From Prototype to Commercialisation 

As a result of the very successful trial of the prototype 
fluidised-bed paddy dryer with a capacity of 0.82 tJ 
hour, the owner of the paddy merchant site where the 
prototype was tested placed an order for a larger flu
idised-bed dryer with a capacity adjustable between 
2.5 and 5 tlhour. The commercial unit was designed 
by the research team of King Mongkut's Institute of 
Technology Thonburi and fabricated by Rice Engi
neering Supply Co. Ltd. It has been used with success 
during the main harvesting season in 1995. The unit 

comprises a drying section, a 11.2 kW backward 
curved blade centrifugal fan, a diesel fuel oil burner 
and a cyclone. It costs approximately US$16 000. 
The bed length, width, and height of the drying sec
tion are 2.1, 0.6, and 1.3 m, respectively. The capacity 
of the burner is 180 kW. 

The commercial unit was further scaled up to lO tJ 
hour capacity during mid 1995. As of August 1995, 
more than 20 units of both 5 tJhour and 10 tJhour have 
been installed or are being installed in Thailand. Two 
units of 5 t/hour were exported to Indonesia. 

Conclusion 

Field testing of the prototype fluidised-bed paddy dryer 
with a capacity of 0.82 tlhour during the wet harvest 
season in 1994 for a total of 1497 hours, indicated that 
the unit was easy to use, pelformed efficiently in terms 
of a very fast drying rate and low energy consumption, 
and gave uniform product moisture content, compared 
with the two existing cross-flow columnar dryers 
installed at the same site. This was reported by the 
owner of the paddy merchant site, but there are no 
comparative performance figures. 
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Figure 12. Head yield of paddy after flu
idised-bed drying compared 
with control sample: drying 
temperature of 100--1 20°C, 
moisture content of paddy 
from 45 to 24% dry basis. 

Figure 13. Whiteness of paddy after flu
idised-bed drying compared 
with controlled sample: drying 
temperature of 100--1 20°C, 
moisture content of paddy 
from 45 to 24% dry basis. 



Results from the 70 hours of use of the prototype 
indicated that the unit operated efficiently and yielded 
high product quality in tern)s of head yield and white
ness. In reducing the moisture content from 45 to 24% 
using an air temperature of lOO--I20°C. fraction of air 
recycled of 0.66, specific airflow rate of 0.05 kgls-kg 
dry matter, superficial air velocity of 3.2 m/s, bed 
depth of 0.1 m, total primary energy was 2.32 MJ/kg of 
water evaporated. of which 0.53 was primary energy 
from electricity (electrical energy multiplied by 2.6) 
and 1.79 was primary energy in terms of heat. 

Since the beginning of 1995, more than 20 com
mercial units with capacity of 5 tlhour and 10 tlhour 
have been sold in Thailand. 
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In-bin Grain Drying Systems 

R. Driscoll and G. Srzednicki* 

Abstract 

The main categories of in-bin dryer systems are reviewed. For Southeast Asian conditions, research on in-store 
dryers is discussed, as a component of a two stage drying system for maximum quality preservation and re
duced drying cost. Limitations for paddy and maize exist, requiring management of the system to obtain these 
benefits. Examples of adoption of in-store drying in conjullction with first stage dryers are presented. 

IN-BIN drying is drying grain in bins commonly used 
for grain storage. It is divided into two main classifica
tions: low-temperature (air heated by less than 6°C), 
and high-temperature drying (air heated to over 50°C). 

The objectives of drying are the same as for any 
other unit operation: to process maximum product at 
minimum cost whilst maintaining adequate quality. 
Drying is not able to improve the product quality. Its 
value is in arresting spoilage by controlling water 
activity within the product. There are further advan
tages in reducing the bulk required for transport and 
in preparing paddy for milling. 

Concepts 

If drying is performed at an excessive rate, the grain 
becomes susceptible to fissuring, due to the creation 
of moisture gradients within the product. These gradi
ents may be due to the drying process directly, caused 
by too high a drying air temperature, or more com
monly to exposure of the product to a readsorption 
environment. Fast dryers operate at high tempera
tures, and will tend to cause fissuring if the grain is 
not allowed to temper. For maize and paddy, once the 
moisture is reduced below a certain moisture (about 
18%, moisture content (m.c.) corresponding to a sig
nificant drop in water activity below I), high-temper
ature drying becomes inefficient and will tend to 
cause cracking. 

" Department of Food Science and Technology, University 
of New South Wales, Sydney, New South Wales 2052, 
Australia. 
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For this reason, forms of drying in two stages have 
been developed around the world. The basic strategy 
is to use high temperatures while the grain is still 
elastic, and low temperatures for removing bound 
water from the product so that stresses have time to 
relax within the product. The introduction of two
stage drying to Southeast Asia will be the main topic 
of this paper. 

Theory 

In-bin drying in Australia 

The technique of in-store drying was adopted 
early in the history of Ricegrowers' Co-operative 
Limited, a farmer cooperative in New South Wales, 
Australia which grows and markets its own grain, 
and to which over 98% of the farmers belong. In the 
19508, the American technology of in-store drying 
was adopted, accompanied by conversion from bag 
handling to bulk handling, in order to solve prob
lems of high paddy moistures and sun cracking 
(Bramall 1986). The procedure allowed paddy to be 
harvested at around 21 % m.c. (wet basis, w.b.), and 
then dried in-store to below 14% w.b. for storage 
and milling. 

In-store drying was effective because the ambient 
conditions in Australia were suitable for this form of 
aeration, and no supplemental heating was required. 
Initially, radial bins with mesh walls were used, but 
based on research at the University of California, 
ducts at the bottom of the bulk were adopted. Later, 
under-floor aeration was installed 10 allow easier 
access for transport and loaders. 



Over the years the system has been refined, with 
layer filling, computer controlled bins, supplementary 
heating, computer-based harvest systems and compu
ter models of drying. 

In-bin drying in the United States 

Background 

In the United States forms of in-bin drying have 
been used for many decades (since the 1950s), with 
great suecess for the maize industry in the central 
states. Design is based on studies of weather condi
tions. Experience has shown that both design and 
careful management are crucial to the success of the 
system. The main difficulties with implementation in 
the USA have arisen from the increased time before 
the grain is dried, increasing the risk of deterioration. 
Sufficient good quality air must be available at grain 
collection time to ensure that spoilage can be pre
vented. 

Since in-store drying operates at near ambient eon
ditions, minor changes in ambient eonditions can 
have large effects on the drying rate, and thus careful 
research is required to ensure that adequate good 
quality air is available in any year for accomplishing 
the grain drying objective, which is basically to move 
the drying front through the grain mass before deteri
oration is significant in the top layer of the grain. This 
research has been condueted by the United States 
Department of Agriculture and by various universi
ties. Much of the research has been conducted by 
means of computer simulation. 

As a result of this research, areas of the United 
States have been zoned according to the aeration con
ditions required for full bin drying (Chung et aL 
1986). Schedules for different locations are specified, 
so that the grain is quickly cooled aftcr harvest and to 
make sure that the grain receives sufficient aeration 
for drying. Various methods of operating the drying 
bins have been developed (see introduction). Systems 
for preventing overdrying and top to bottom moisture 
gradients, loading and unloading, and rewetting of the 
inlet layers have been developed. 

System types 

The appeal of in-bin drying is that it saves on 
equipment costs, by allowing the same bin used for 
storage to double as a dryer. In all cases air is passed 
slowly through the bin of grain, picking up moisture 
as it does so. Careful design is required to ensure that 
all of the grain in the bin is adequately dried. 

The main types of in-bin drying are (Brooker et al. 
1992): 
• full bin: bin is filled with grain, and dried, cooled, 

aerated and stored in the same bin 
• full bin with stirring, allowing more uniform grain 

treatment 
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• layer filled bin, in which grain is dried in succes
sive layers, new grain being added as the previous 
layer is dried 

• on-floor batch in-bin, used for drying a batch of 
grain and occasionally for cooling as well, in a 
method similar to the flat-bed dryer used in Asia 

• recirculating, in which grain at the bottom of the 
bin is picked up by auger, swept to the centre and 
then augured to the top of the bin, where it is 
respread, allowing the grain to be recirculated for 
more uniform treatment and reduced airflow 
resistance 

• dryeration, a specific technique in which grain is 
dried at high temperature in a bin, to within 2-3% 
m.c. (w.b.) of the actual final moisture required, 
then transferred hot into a tempering bin. After the 
drying stresses have been allowed to equalise, the 
grain is then cooled using ambient air, the stored 
heat removing the final 2-3% moisture. This gives 
a high quality grain with low susceptibility to 
breakage. 
Various other more sophisticated forms also exist. 

For Southeast Asian eonditions we are coneerned to 
find the simplest, most robust drying system for the 
severe climatic conditions, and so the main concern 
of this paper is in-store drying, which is typically full
bin drying at low temperature. 

Stir augers 

Stir augers are devices for vertical mixing of the 
grain. The augers rotate slowly around the bin, taking 
I to 2 days to complete a circuit (Intong 1995). Two 
major problems with in-bin dryers are solved by the 
use of stir augers: moisture gradients caused during 
drying, and compaction of lower layers by the upper, 
resulting in decreased airflow. 

Stir augers are not often recommended for South
east Asia due to the high initial cost, wear on the 
augers from paddy, and lack of supplier support, even 
though simulation studies indicated a clear benefit 
(Intong 1995). Other problems are increased mechan
ical damage to the grain, and reduced air thermal effi
ciency. 

Recirculation of air 

Studies on air recirculation were conducted using 
computer simulation at the University of New South 
Wales. The results showed that recirculation at about 
90% was of marginal benefit for thc last period of 
full-bin drying (after the drying front has reached the 
top of the bed so that the exit air relative humidity 
starts to decrease). 111i8 is because air comes to equi
librium with the wettest grain in an in-store drying 
system, and so the system naturally has a high ther
mal efficiency - there is no need to recirculate the air. 
In general, air recirculation never justifies its installa
tion costs for in-store dryers. 



Dehumidification 

Air recirculation becomes more effective if dehu
midification is used. Moisture from the bin exit air is 
extracted by cooling the air, and then re-enters the 
grain to do additional drying. Again this system has 
not been applied to any great extent to tropical coun
tries because it depends on cooling equipment and 
has a high investment cost. An alternative to desicca
tion of the air by cooling is using a desiccant bed. Due 
to their cost these have only been applied to high 
value food products and pharmaceuticals. 

Recirculation of grain 

Recirculation of the grain on the other hand has 
proven to be a more successful option, for example: 
• partial drying in one bin followed by auguring to a 

second bin; and 
• auguring grain from the bottom of the bin to the top. 

This allows tempering, mixing and repacking of the 
grain to reduce pressure drops. This technique has 
been applied in Thailand for aerating grain. 

In-bin drying in Southeast Asia 

Mechanical dryers were promoted in the late 1970s 
throughout the region, but were generally poorly cho
sen and unsuitable for humid tropical conditions. 
Many were rejected by the end users. The first appro
priate technology was developed by Dr Dante de 
Padua, and this was the flat-bed dryer, still exten
sively used 30 years later. The wet season harvest was 
increasing the drying load, and many international 
research agencies were contacted to look for possible 
solutions. The Australian Centre for International 
Agricultural Research, through its Postharvest 
Research Program led by Dr Bruce Champ, suggested 
studying the application of in-store drying lo tropical 
countries. 

The research method adopted was as follows: 
• set up research teams in each country; 
• study paddy and other grains to determine key ther

mophysical properties, such as isotherms, thin
layer drying rate, specific heat etc.; 

• construct a deep bed drying model (Dung et al. 
1981); 

• obtain detailed infomlation on harvest practice, 
times, and weather conditions; 

• feed these through the simulation to detennine suit
able drying conditions; 

• test recommendations at three levels in all coun
tries, pilot plant (1-5 t), commercial trials (up to 
500 t) and full scale implementation. 
This has now been done in the Philippines, Thai

land, Malaysia, and Vietnam. Crops studied under the 
research program include peanuts, soybeans, maize, 
mung beans and, of course, paddy. A typical recom
mendation for an in-store drying system would 
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depend on location, grain type. harvest moisture, 
loading and unloading equipment, and existing stor
age structures. but a typical recommendation for a 
humid tropical climate would be a grain height of 4 
m, maximum receival moisture of 18% (w.b.), sup
plementary heating of a few degrees, and an air speed 
of more than 6 m/min. 

Reports on the field trials are available as follows: 
• in-store drying commercial trial in Malaysia (Srz

ednicki and Driscoll 1992); 
• field trials in Thailand (Soponronnarit et al. \994); 

Current research topics are: 
• improved loading and unloading teehniques; 
• first-stage drying; 
• computer control systems; 
• development of small scale in-store dryers; 
• quality measurement. 

Real bin effects 

Computer modelling of drying systems has been of 
immense benefit in predicting their performance. 
Three forms of models have competed for dominance: 
• The near-equilibrium model, in whieh thennal 

equilibrium between the air and the grain is 
assumed to exist at all points in the bed at all times. 
Examples are Thompson et a!. (1986), Soponron
nadt and Chinsakolthanakorn (1990), Driscoll 
(I 986b), and lindal and Siebenmorgen (1994). 

• The non-equilibrium model, in which heat transfer 
and mass transfer are modelled at all points in the 
grain mass. As with near-equilibrium models, the 
drying problem is treated as one-dimensional. 
Examples are Dung et al. (1981) and Bakker
Arkema et aL (\974). 

• The three-dimensional model, in which differential 
transport equations are used to model moisture and 
heat movement. An example is Thorpe (1994). 
Each approach has advantages and disadvantages, 

but except for ideal situations, none could claim an 
accuracy of greater than 10%. The advantages of the 
near-equilibrium approach are: 
• computation is fast; 
• real-bed effects can be easily included-a wide 

range of these effects has now been modelled, and 
so can be included in the drying system; 

• graphical presentation of results can be integrated 
with the drying program. 
The real-bed effects have turned out to be impor

tant factors. Some of the effeets now included are 
heat losses through side walls, respiration, pressure 
energy regain, and quality models. Factors still need
ing inclusion are grain settling, better thin layer dry
ing models and stress relaxation models. 

The near equilibrium model of the University of 
New South Wales (UNSW) team (Driseoll 1986b) 
also includes: 
• economic analyses for Southeast Asian countries, 



• recirculation, 
• grain freezing and sublimation drying, 
• dehumidification and heat pump operation, 
• effect of fines on pressure, 
• bin design tools, 
• thermophysical data presentation, 
• aeration module for developing drying strategies 

quickly for specific weather conditions, 
• four quality models, 
• user-friendly (mouse and button) interface, 
• a wide range of products, 
• weather module far analysis of weather data. 

Inclusion of these factors has become necessary to 
make the simulations robust design, optimisation, and 
strategy-development tools. 

Application 

Application to Southeast Asia 

The previous section shows that there are many 
potential in-bin drying solutions. The system which 
has been most widely researched in Southeast Asia is 
in-store drying, in which grain is dried in bins (either 
full or using layer filling) and then stored in the bins 
under aeration until required for milling. The equip
ment required is: 
• a storage bin able to sustain a small air pressure 

(Le. mesh or hessian walls are not suitable, but 
brick, concrete and timber are)-note, however, 
that in Thailand bags of grain with a tarpaulin lin
ing have been successfully used! 

• a fan and air ducting of suitable size, 
• underfloor or ducted above floor aeration (under

floor, the preferred option for handling, may be too 
expensive for existing sheds, or too difficult to 
install, especially in the old timber sheds), 

• a loading and unloading system, 
• a burner if simulation determines that supplemen

tary heating is required, 
• a trained operator, 
• a weather station capable of determining ambient 

temperature and relative humidity (for example, an 
operator with a wet and dry bulb thermometer), 

• temperature sensors placed at known heights (I m 
separation) in the grain mass are of great benefit in 
determining the perforn1ance of the system, 

• a programmable controller is of benefit in improv
ing the control and reliability of the system. 
The minimum quantity of grain for returning an 

eeonomic benefit under Southeast Asian conditions 
appears to be about 100 t per load. If grain (paddy 
and maize) is harvested above 18% m.c. (w.b.) in 
humid climates, a system for reducing the grain 
moisture to below 19% is required; for example, 
first-stage dryers (hence this system is often called 
two-stage drying). The drying time is about 10-15 

213 

days for the operating conditions recommended for 
tropical climates. 

Examples of applications 

The earliest attempts were mismanaged trials 
using USA Butler bins. Caking and yellowing con
siderably damaged the reputation of in-bin drying for 
Southeast Asian conditions. The fan sizes chosen for 
these bins were an order of magnitude too small for 
the tropics. Some rough trials on shallow beds were 
also made by the Northern Philippines Grain Com
plex. 

Kongskilde bins use a form of in-bin drying (a 
radial orientation), and have proven very suecessful 
due to careful training of operators. Although a safe 
solution, we do not believe that this design exploits 
the full potential benefits of in-store drying. 

In Thailand adoption at Kittisak Wattana mill was 
on the basis of improved grain quality if aeration of 
existing bulk bins was implemented. The success of 
this implementation lead to the installation by the 
owner of new storage bulk bins designed on in-store 
drying principles, allowing the owner to purchase 
paddy at a higher moisture content. Three other mills 
have tested the system but had major handling prob
lems, suggesting correct design and management are 
crucial to the success of in-store drying. Several other 
complexes are testing in-store drying, including Cha
choengsao, Tron, and a range of small-scale mills. 
Seminars by Soponronnarit and collaborators have 
stimulated interest amongst millers in this technol
ogy. The Department of Agriculture will evaluate 
two-stage and in-store drying with a view to wider 
adoption by the Thai milling industry. 

In the Philippines, NAPHIRE has developed an in
store dryer of 66 t capacity, currently being used by 
Dayap MUltipurpose Development Cooperative, 
located near Los Banos (Calauan, Laguna) (Tumamb
ing et ai, 1995). This is designed to run in conjunction 
with the NAPHIRE fast dryer, and has a pneumatic 
loading system. It has operated for only one season, 
but this was successful with paddy dried to an aver
age of 13.5% in 43.5 hours at P40/tonne. At the same 
site and time sun drying cost PlOO/t (mainly in labour 
cost). The in-stare-dried rice was of good quality. A 
second trial in the dry season gave similar results. No 
yellowing occurred. Personnel training was an impor
tant component of this field trial. In-store technology 
was used for several years by the NFA and was tested 
by the Northern Philippines Grain Complex. 
NAPHIRE now plans to build additional units in 
1995-96. 

In-store aeration using computer control has been 
implemented at the BERNAS mill in Kangkong, 
Malaysia. 

Adoption has been more rapid in Vietnam, moving 
from testing to implementation in one year. Before 



1990, many dryers were tested, with adoption of the 
University of Agriculture and Forestry (UAF) flat
bed dryer (Hien and Hung \995). Increasing concern 
for grain quality led to rapid adoption of dryers in the 
Mekong delta region. An 80 t in-store dryer was built 
and successfully installed at Song-Hau Farm as part 
of ACIAR Project 9008. Two-stage drying is cur
rently being tested, with several first-stage dryers 
currently being evaluated. 

China has on its own initiative tested aeration dry
ing similar in concept to Kongskilde drying (cylindri
cal bins with central aeration duct). 

Attempts have been made to in-store dry in one 
stage in Southeast Asia. Our own computer studies at 
the University of New South Wales indicate that this 
is not a suitable or sensible option for humid tropical 
climates for moistures above 19%, as the air speed 
required to prevent deterioration of the upper layers 
is too high for economic operation. Thus, two-stage 
drying is the preferred option. 

Conclusions 

In-store drying is a slow drying technique which 
saves on capital costs by combining the role of 
dryer and storage bin. Research on its implementa
tion in Southeast Asia has shown that it has an 
important role to play in the complete drying pic
ture on the basis of producing high quality grain at 
low cost. Successful adoption is dependent on good 
design, good management practices, and a large 
scale of operation for second stage drying. Design 
of the dryer is strongly affected by local weather 
conditions. 
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Renewable Energy Sources for Grain Drying 

A.C. Hollingdale* 

Abstract 

This paper examines existing and potential systems which enable the use of renewable energy sources for 
grain drying. The scale and distribution of process drying operations in Asia is reviewed and the various 
mechanisms for obtaining heat and power from renewable resources are identified. The need 10 focus on 
smaller-scale systems is highlighted. An alternative system to traditional sun drying, which has been imple
mented in Indonesia, is described. This involves use of auxiliary solar heating to provide technical and fi
nancial benefits in performance of commercial. induced-draught mechanical-dryers. Available biomass 
resources are considered together with the implication for supply and pre-treatment. Some speeific types of 
biomass burners are described including various options for rice husk combustion. The significance of com
bustion control on rice husk ash quality for effective by-product use is examined through work that has been 
carried out with co-workers in Sri Lanka. Combined heat and power (CHP) options are reviewed including 
recent work on a technology under development by the Natural Resources Institute. This will use low cost 
vehicle turbocharger components as elements of an indirect biomass-fired heat exchanger/air turbine cycle 
for power systems at around 100 Kw e output and with scope for small-scale CHP applications. 

THERE are various technical options for application of 
renewable energy to grain drying. The extent to 
which they have been or may be adopted is ultimately 
dependent upon economic factors, but a number of 
important issues can be identified. Use of renewable 
energy will generally reduce running costs compared 
with fossil fuel usage. It may also give a degree of 
operational independence, e.g. from price variations 
or from supply restrictions. Environmental benefits 
can be associated with the use of renewable energy at 
local andlor global levels but these may not be easily 
measured in cash tenus. This paper will aim to 
present options that may be considered for specific 
applications rather than make overall recommenda
tions. These options can be grouped into basic routes 
for either heat or power. Also, as some opportunities 
exist where technical options for combined heat and 
power need to be considered, these are examined. 

Heat-sun drying, solar assisted mechanical, 
biomass fuelled 

Grain drying is in fact already largely achieved 
through renewable energy by direct sun drying. This 
is a topic on which there has been substantial study 
and it was covered in detail at an FAO conference in 

* Natural Resources Institute, Central A venue, Chatham 
Maritime, Kent ME4 4TB, U.K. 
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1993 (Bakker-Arkema and Suhargo 1993). A step 
beyond this basic technology is solar drying and the 
technology associated with this and the variety of sys
tems appropriate to postharvest processing has been 
dealt with elsewhere in a way that fully covers the 
particular aspects relating to grain drying (Brenndor
fer et al. 1985). A particular system of solar assisted 
mechanical drying for rice will be described in this 
paper by way of an example. 

The other important renewable route to provision 
of heat is the combustion of biomass fuels. These 
need to be considered in terms of basic fuel character
istics and pre-treatment. Technology exists for major 
renewable biomass fuels such as wood and straw; 
also, there are routes for combustion of particulate 
fonus of biomass that may be considered separately. 
The specific issues relating to the combustion of rice 
husks are important. 

Power-renewable electricity, direct biomass
fuelled power systems 

Grain drying as a process operation invariably 
requires power input. This may be solely human 
labour but, for the purpose of this paper, consideration 
is given to needs for shaft-power, either for direct 
mechanical application or for electricity production. 
Electricity may be generated locally or centrally, so 
theoretically hydro-power or wind-power come into 
this category. Electricity once produced by renewable 



means is available to generate shaft power and/or 
heat. More emphasis will be placed in this paper on 
routes involving thermal processing, e.g. biomass, 
since this creates also waste heat, thereby offering 
scope for combined heat and power. The various 
routes to heat and power are illustrated by Figure I. 

Need for focus on smaller-scale requirements 

Knowledge of the size distribution of process oper
ations such as grain drying is important when consid
ering potential for use of renewable energy sources. 
For rice, the major grain crop of Asia, some informa
tion has been collated in Table 1. 

From this information it is evident that by far the 
majority of rice processing is currently performed in 
small-scale operations. For this reason the emphasis 
in this paper is on the smallest scale of processing 
technology that can be envisaged. Normally this 
excludes the direct application of commercial sys
tems from fully industrialised countries although 
there is often scope for scale-down. Also, in order to 
keep costs down the use of local equipment and con
struction must be maximised. 

Solar-Assisted Mechanical Drying 

A prototype paddy drying system utilising both solar 
energy and waste heat from an engine with a through
put of 10 tJday of paddy was designed, constructed, 
and evaluated at a rice mill in West Java, Indonesia. 
The dryer is inherently similar to a conventionally 
heated flat-bed dryer, except that the air for drying is 
partially heated by a solar collector. There are three 

separate components to the dryer, all of which are 
located within an open-sided building, as shown in 
Figure 2. The components are: 
(a) a bare plate solar collector integral with the roof 

of the building; 
(b) a combined engine and fan unit collectively 

termed a moisture extraction unit (MEU); and 
(c) two drying bins positioned adjacent to each other 

with a common manifold duct. 

Solar collector 

The cost of a solar collector can be minimised if it 
can be incorporated within the roof of a building. 
There are many versions of roof-type collectors; the 
basic distinguishing feature between them being the 
configuration of the flow path of the air through the 
collector. The bare plate collector is the simplest ver
sion of the roof-type collector. The air flows from one 
end to the other of a rectangular duct, the upper side 
of which is the blackened metal roof sheeting 
(absorber), and the lower side a thin wooden ceiling 
fixed to the roof timbers. The performance of bare 
plate collectors with corrugated iron sheeting as the 
absorber has been investigated (Trim and Fish 1996). 
The orientation of the building and the slope of the 
roof are the major factors determining the heat output 
from the collector. So that the collector surface is 
exposed to insolation throughout the day, the dryer 
building should be constructed with its longitudinal 
axis running from east to west. It is generally the case 
that the roof slope should be such as to maximise the 
angle of incidence of insolation upon the roof and 
hence the heat output from the collector during the 
peak harvesting period. 

Table 1. Size distribution for rice processing in some Asian countries. 

Indonesia" About 2 million registered 'large' rice mills with average production of about 1000 t/year; unknown number 
of smaller mills. 

Malaysia" Nos vs capacity, tonnes paddy/hour 

< I 1-2 2-3 >3 Total 

99 107 66 107 379 

Philippines" Nos vs capacity, tonnes paddy/hour 

<2 2-3 3-5 5-10 > 10 

n.a. 108 35 22 19 

Thailand" Nos vs capacity, tonnes paddy/hour 

< I 1-4 4-6 6-10 >10 

20,000 1,500 102 42 17 

Sri Lankab Nos vs capacity, tonnes paddy/hour 

> 0.5 0.5-2 ~2 Total 

5,600 1,600 n.a. > 7,000 

Paddy produced (1993) - 2680 x 103 (total rated capacity - 2640 x 103 tlhour) 

"Girard 1993 
b Palipane, personal communication, 1995 
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BIOMASS or WASTE 

Figure 1. Routes for conversion ofbiomass or waste to energy. 

:x: 
Sliding panel 

Perforated floor 

Storage area 

Figure 2. Schematic of paddy dryer. For illustration. air is shown passing up through the right-hand bins and (separately) 
down through the left-hand bins. 
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Moisture extraction unit (MEU) 

The MEU consists of an axial-flow fan directly 
driven by a diesel engine, as used with conventional 
flat-bed dryers. Before passing through the fan the air 
flows over and around the engine block thereby 
absorbing the waste heat produced by the engine. The 
MEU is positioned centrally within the fan house at 
one end of the building. It is connected via a canvas 
coupling and flange to the manifold duct. The exhaust 
gases from the engine are piped outside the fan house 
to avoid contamination of the paddy with combustion 
by-products. 

Drying bins 

The two bins, positioned next to each other with a 
common side wall, are each internally 10 m long, 3 m 
wide, and constructed of rendered brick. The drying 
chamber within each bin is 1.25 m deep with a floor 
of perforated metal sheeting. Each bin is fitted with 
five moveable plywood covers through which paddy 
is loaded, and six unloading ports in the outer side 
and end wall of the bin. 

The flow of air into a bin is through ports, either 
into the plenum chamber (for the up-flow of air 
through the bed of paddy), or into the top of the dry
ing chamber (for down-flow of air). Air is exhausted 
from the bin through the loading ports or through out
let ports along the bottom of the side wall of the bin. 
The common side wall between the bins contains 
cross-over ports to permit the flow of air from one bin 
to the other. 

Operating principles 

Air is drawn through the solar collector and into the 
fan house by the MEU and thence into one or both of 
the drying bins. There are three different modes of 
operation: 
(i) air is blown through the lower inlet ports into the 

plenum chamber of one (or both) bin and flows 
up through the paddy, exhausting through the 
loading ports; 

(ii) with the loading ports closed, air is blown 
through the upper inlet ports into the top of the 
bins before passing down through the paddy and 
exhausting through the outlet ports; 

(iii)air is blown into the plenum chamber of one bin, 
up through the paddy, then-as the loading ports 
are closed-through the crossover ports into the 
second bin, before passing down through the 
paddy and exhausting through the outlet ports of 
the second bin. 

Changing from one mode to another is carried out 
simply by opening and shutting the requisite ports 
and covers. Three labourers are required for this 
changeover operation. 
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Conclusions 

It was found that, in addition to the dryer providing 
increased drying capacity compared with sun drying, 
the solar-dried paddy provided both an increase in 
milling yield and rice of improved quality for which 
premium prices were paid. Fuel consumption of the 
dryer was 29% less than that of a conventional flat
bed dryer. Financial analysis showed that the improve
ments in milling yield and rice quality more than com
pensated for the high fixed and variable costs of the 
dryer, with a payback period of three years. 

Biomass 

General considerations 

Fuel characteristics and pre-treatment 

The physical form in which biomass fuels are sup
plied can vary considerably, and moisture content, 
particle size, and bulk density, in particular, are 
important basic parameters. The consequence of vari
ation in these properties can have far-ranging effects 
on the energy density of the material. These effects 
are illustrated by the data in Table 2 where typical 
values are used to calculate the volume of fuel with 
the same energy as that contained in 1 m3 of fuel oil, 
for straw and wood as available in different forms. 

Straw lying in the field is normally recovered by 
baler and this greatly reduces its volume. An alterna
tive process of in-field compaction to produce com
pressed wafers has been developed to a prototype 
stage and will further increase the density. Still higher 
density pellets are also available from various types 
of compact ion equipment. 

With wood, the range of materials that must be con
sidered includes forestry waste, Le. logging residues, 
thinnings, etc., through to timber as either unseasoned 
(green) or seasoned (air dried), and in solid or chipped 
form. Also, there are various forms of processing 
wastes, and such materials can be specially converted 
into fuel pellets using compaction equipment. 

It will be seen from Table 2 that the various forms 
of wood and straw have energy contents from 4 to 
100 times lower than fuel oil. This points to the 
importance of collection and supply of such fuels. 
These and the broader aspects of material handling 
are key elements in the supply of such materials as 
economic alternatives to fossil fuel. 

Apart from the physical properties mentioned, 
complete fuel characterisation requires measurement 
of the key variables such as: calorific value; volatile 
matter; thermogravimetric analysis; ash content; 
moisture content; elemental analysis; and fusion tem
perature. Requirements for these measurements are 
appropriate sampling techniques and sufficient analy
ses to provide statistical means and averages. 



Table 2. Energy content for straw and wood as fuel. 

Moisture Bulk density GCV Energy content Vo! offuel 
(wet basis) (%) (t/m3) 

Straw 

Loose (unchopped) IS 0.03 

Loose (chopped) IS 0.06 

Large bales 15 0.15 

Compressed wafers 15 0.30 

Pellets 12 0.50 

Wood 

Forest waste 50 0.3 

Unseasoned timber (solid) 50 0.8 

Unseasoned timber (chips) 25 0.35 

Seasoned timber (solid) 50 0.65 

Seasoned timber (chips) 25 0.23 

Process waste (solid) 12 0.63 

Process waste (chips! etc) 12 0.12 

Pellets 12 0.7 

Coal 9 0.85 

Oil 0 ---.. 

After collecting such data it is necessary then to sub
stantiate the conclusions from analysis by means of 
proving trials in which practical aspects need to be 
assessed. Such considerations are smoke levels, ease of 
handling. boiler fouling, ash clinker, particulate emis
sions, silo blockage, and fuel delivery preparation. 

Straw and wood burners 

Development work in the U.K. to realise the poten
tial use of both straw and wood as commercial fuel 
has been similar in that in both cases there has been 
initially a systematic attempt to identify any existing 
coal-burning equipment which could be readily 
adapted to alternative fuel firing. This has initially 
involved proving trials on such equipment with wood 
or straw either as an alternative fuel or in a co-firing 
mode. Various systems were examined and, for both 
straw and wood, the same general conclusion was 
reached-namely that the different fuel characteris
tics of coal were such that while straw and wood 
could be burnt with varying degrees of success in 
coal-fired plant there was usually a marked down rat
ing of the plant, especially when using fixed or mov
ing grate systems. Thus, unless for some reason the 
existing equipment of this type was grossly oversized 
for its duty there was no real point in attempting 
100% alternative fuel replacement. 

Some success was found in trials with straw co-fir
ing by means of suspension conveying of chopped 
straw into the furnace in a secondary combustion air 
stream. One option for 100% fuel substitution with 
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(Ol/t) (0l!m3) (I m3 0il)(m3) 

13.5 0.4 102 

13.5 0.8 50 

135 2.0 21 

13.5 4.0 10 

14.0 7.0 6 

8.4 1.7 24 

9.3 7.4 6 

15.0 5.2 8 

9.3 6.0 7 

15.0 3.5 12 

16.5 10.4 4 

165 2.0 21 

16.5 11.5 4 

28 24 1.7 

46 41 

straw was potentially more successful and involved 
burning in a cyclone furnace such as can be retrofitted 
to shell boilers 

With wood, the same range of options was essen
tially examined but while there was a rather better 
performance in the various grate systems the same 
general conclusion about severe downrating was 
reached. The prospect oflean phase conveying for co
firing is not available for most forms of wood, apart 
from sawdust or wood shavings. 

The general conclusion rcached was that special
ised burners are required for these materials. Extra 
investment can, however, often be minimised by ret
rofitting of cyclone combustors. Most of the straw 
currently used for on-farm fuel purposes is burnt in 
low-technology, manually stoked whole bale burners 
of which there is a full range of U.K. equipment 
available. These are typically in the range of 20 to 
300 kW thermal output. 

For larger ratings, such-as are commonly required 
in industrial and commercial applications there are 
various arrangements that are available or under 
development. One development funded by the U.K. 
Department of Energy was a boiler unit capable of 
taking whole large Hesston bales for direct feed to a 
furnace. Other examples of commercial systems are 
available in Denmark. There are also possibilities for 
high-capacity utilisation of these materials and these 
include fluidised-bed combustion and suspension fir
ing of particulate materials for co-firing with pulver
ised coal. 



Particulate biomass combustion 

Types ofparticulate biomass 

Work was done by the Natural Resources Institute 
(NRI) to identify the quantities of key biomass resi
dues that occur in particulate fonn in Asia since it 
was considered that these materials were more ame
nable to design of generic equipment. Information 
was gathered for rice husk, coconut shells, palm 
shells, sawdust, and peanut shells (Table 3). This 
showed the high amounts of rice husk, particularly in 
Asian countries. Also, some infonnation on the quan
tities of grain residues available was derived which 
showed how widely this could vary depending upon 
the crop yield (Table 4). 

Following this background study, work was 
focused on burner development for rice husk and 
sawdust combustion (Robinson 1991). The rice husk 
combustion system developed under this program is 
described below. 

Burner development for rice husk 

Initial design and development work was conducted 
at the NRI laboratories in the U.K. on a pilot unit. 
Results obtained from the pilot unit wcre promising and 
the project progressed to the field-testing stage. The test 
site chosen was a commercial rice processing mill in Sri 
Lanka. The milt, Richard Pieris Agricultural Enter
prises Limited, situated in the rice growing region of 
Anuradhapura, has a milling capacity of 2 tlhour and a 
parboiling capacity of 4 tlhour. The rice husk combus
tion system was installed and connected to the mill's 
boiler to raise steam for associated parboiling opera
tions. The system was scaled-up from 250 kW thennal 
to 750 kW thennal to meet an increased heat demand 
and, with a few other modifications which included an 
external ash collection chamber, it has worked very 
well for the past 4 years. Another unit was installed at 
the Rice Processing Research and Development Centre 
(RPRDC), Anuradhapura for experimental use with a 
fluidised-bed paddy drier. The field demonstration trials 
were carried out in collaboration with RPRDC. 

Table 3. Estimated production of biomass residues in Asia (NRI 1991). 

Country 

Afghanistan 

Bangladesh 

Bhutan 

Bunna 

China 

India 

Indonesia 

Iran 

Iraq 

Kampuchea 

Korea DPR 

Korea Rep 

Laos 

Malaysia 

Maldives 

Mongolia 

Nepal 

Pakistan 

Philippines 

Sri Lanka 

Thailand 

Turkey 

Vietnam 

Rice husk 

'000 t 

4,561 

17 

2,813 

36,189 

15,982 

7,929 

394 

31 

349 

1,271 

1,557 

243 

384 

486 

977 

1,780 

436 

3,618 

57 

3,137 

% 

4.9 

3.0 

38.9 

17.2 

8.5 

0.4 

0.4 

1.4 

1.7 

0.3 

0.4 

0.5 

1.I 

1.9 

0.5 

3.9 

0.1 

3.4 

Coconut shells 

'0001 

13 

28 

12 

735 

1,740 

7 

270 

2 

1,530 

263 

2,035 

91 

% 

0.2 

0.5 

0.2 

12.5 

29.5 

0.1 

4.6 

26.0 

4.5 

3.4 

1.5 

Palm shells 

'000 t % 

89 1.7 

359 6.9 

2,338 44.8 

9 0.2 

53 1.0 

61 0.1 
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Sawdust 

'000 t 

69 

84 

4,566 

3,026 

1,581 

28 

718 

1,089 

81 

10 

214 

3 

190 

% 

5.3 

3.5 

1.8 

0.8 

1.3 

0.1 

0.3 

0.2 

Peanut shells 

'000 I 

7 

208 

1.257 

1,135 

152 

6 

720 

157 

181 

118 

274 

498 

194 

% 

4.9 

29.0 

26.5 

3.6 

16.8 

3.7 

4.2 

2.8 

6.4 

11.6 

4.5 



Table 4. Crop residue production under different yield situations (NRI 1991). 

Yield Country Crop yield (tlha) Crop: Residue yield (!/ha) 

Rice Low Guinea 0.9 

Medium LDC Average 3.0 

High China 5.1 

Wheat Low Tunisia 0.7 

Medium LDC Average 2.0 

High Egypt 3.5 

Maize Low Zaire 0.8 

Medium LDC Average 1.9 

High Egypt 4.6 

Sorghum Low Niger 0.3 

Medium LDCAverage 1.2 

High Mexico 3.4 

Millet Low Chad 0.4 

Medium LDCAverage 0.7 

High China 1.7 

Groundnuts Low Zimbabwe 0.2 

Medium LDC Average 

A diagram of the system is shown in Figure 3. The 
burner operates on the principle of suspending the 
husk in air during combustion. This helps ensure an 
intimate mix of air with the husk and facilitates com
plete and efficient combustion. The furnace is sized to 
provide a heat output of approximately 900 MJ/hour 
(equivalent to approximately 250 kW thermal) with a 
husk consumption of 60 kg/hour at 10% moisture 
content. The burner is suitable for both unbroken 
husk from a rubber huller or broken husk mixed with 
bran from a steel sheller. Ash can be collected in the 
furnace chamber or in an external ash collection 
chamber, depending on user requirements. 

The temperature of the combusted gases can be 
maintained at around 1200°C, which allows effective 
heat transfer in any connected boiler or other system, 
such as heat exchanger for indirect air heating in a 
mechanical dryer. The furnace has a thermal effi
ciency of approximately 95%. Overall system effi
ciency largely depends on husk moisture content and 
heat exchanger efficiency-typical values are 60 to 
70%. Flue gases vented to atmosphere contain no 
smoke and reduced ash emissions. 

The components of the system comprise: 
Vibratory feed hopper. A 0.3 m3 capacity vibrating 

hopper of basic design (see Fig. 3) is fitted with a 
small out-of-balance motor to produce a steady 
vibrating action. At the bottom of the hopper an 
adjustable gate is installed to regulate the flow of 
husk. The system operates satisfactorily and delivers 
a steady flow of husk. 

1.0 

1.9 
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residue ratio 

0.9 1.6 1.6 

3.4 1.75 5.3 6.0 

5.5 8.9 9.6 

0.8 1.2 1.4 

2.2 1.75 3.5 3.9 

5.0 6.1 8.8 

0.9 2.0 2.3 

2.2 2.5 4.8 5.5 

5.8 11.5 14.5 

0.3 0.6 0.6 

1.0 2.0 2.4 2.0 

2.9 6.8 5.8 

0.6 1.8 1.2 

0.8 2.0 1.4 1.6 

2.6 3.4 4.4 

0.2 0.5 0.5 

1.0 2.3 2.3 2.3 

2.2 4.4 5.1 

Injector feeder. This device, developed by NRI 
(Tariq and Lipscombe 1992), is used in conjunction 
with the vibratory feed hopper described above. It 
consists of two different diameter pipes connected in 
series to the outlet of the fan. The flow of air through 
the contraction caused by the smaller diameter pipe 
produces a region of negative pressure in the larger 
diameter pipe. Connected to the larger pipe is an inlet 
pipe and funnel to feed the husk. Husk and air is 
sucked into the pipe by the negative pressure. 

Paddle fan. A mild-steel centrifugal paddle fan of 
380 mm paddle diameter, driven by a 0.6 kW electric 
motor and capable of delivering air up to 13 m3/min 
at NTP is used for the development trials. The opti
mal excess air value for the efficient combustion of 
husk is approximately 80%, equivalent to a delivery 
of approximately 350 m3/hour of air at a husk feed 
rate of 60 kg/hour. 

Brick-built furnace. The furnace is built with four 
layers of brick to provide necessary durability and 
insulation. An arched roof avoids the need for lintels 
and other supporting structures associated with flat 
roof construction. The furnace chamber is partitioned 
to direct the travel of husk in an up-and-down path, 
thus increasing its residence time. A central partition 
divides the furnace into a primary combustion cham
ber and ash collection chamber. Access to each cham
ber is by insulated hinged doors. Husk is blown into 
the lower region of the primary combustion chamber 
and the hot gases exit the upper region of the ash col
lection chamber. 



Rice husk 
feeder 

Figure 3. NRI brick-built suspension burner. 

Heat exchanger system. The system should have a 
thermal rating to at least match the furnace gross ther
mal output of 900 MJ/hour (equivalent to 250 kW 
thermal) and be capable of withstanding hot combus
tion gases at a temperature of up to 1200°C. The corre
sponding mass flow of combustion gases at the typical 
operating conditions described above is approximately 
500 kg/hour. While the ash collection chamber will 
trap the majority of the ash, a small but significant 
quantity will be entrained in the combustion gases. It 
should be noted therefore that some ash deposition, 
fouling, and wear of heat exchanger surfaces are likely 
to occur, the extent of which will largely depend on the 
type and design of the heat exchanger. This needs to be 
considered in the maintenance schedules for the vari
ous applications of the system. 

Where rice-processing mills adopt this system, var
ious heat andlor power applications are possible 
either with steam, hot water, air, or a thermal fluid as 
the heat transfer medium. In addition, the furnace sys
tem could be used in conjunction with an existing 
solid-fired system to supplement energy needs. For 
example. the husk burner could be connected to a fur
nace operating on fuel wood. In this case, fuelwood 
consumption could be reduced at a rate proportional 
to the amount of husk burnt. On a typical 8 hour/day 
husk burner operation, 280 days a year, some 110 t of 
air-dry fuelwood could be saved annually. 
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Flue 

Boiler 

Work has been carried out by NRI and RPRDC on 
this furnace to define the limits of operations for feed 
rates and excess air levels 011 this equipment. An 
experimental design was established and a matrix of 
tests completed for three rice-husk feed rates of 50, 
85 and 120 kg/hour, and for four sets of excess air 
values from 20% to 200% inclusive. Systematic ash 
quality evaluation from these trials was investigated 
based upon X-ray diffraction techniques. This has 
shown the control conditions necessary for optimal 
rice husk ash (RHA) characteristics (K.B. Palipane, 
unpublished data, 1993). 

Rice husk combustion 

Use as a by-product 

Disposal of rice husk is a problem sometimes 
addressed by indiscriminate dumping and burning. 
However, rice husk is increasingly being burnt with 
recovery of heat andlor power. Combustion results in 
a high yield of RHA which contains around 95% sil
ica. This silica is potentially a valuable by-product, 
depending on its quality specification and, in particu
lar, the extent to which it has retained its non-crystal
line or amorphous characteristic. NRI has examined 
methods to devise equipment and operational condi
tions for combustion of rice husks in a manner capa-



ble of supplying energy for industrial processing and 
of providing a high grade rice husk ash for by-prod
uct use as a silica source. 

Commercial initiatives for use as a building mate
rial component are widespread and well documented. 
While there is a potentially large market for such 
products they attract only a low market price. Other 
applications of RHA, many of proven commercial 
status, include: insulation uses, refractories, reinforc
ing agents and fillers, fertilizers, filter mediums, and 
as a silica chemicals raw material (Beagle 1978). 
These generally demand lower volumes but a tighter 
specification and thus have the potential to attract a 
higher market value. 

Quality control of the RHA is the main problem 
with existing combustion systems and even with RHA 
use in cement, probably the least sensitive to changes 
in quality, serious product specification problems 
exist. Greater control over the combustion process 
allows closer specification of RH A properties. 

The crystalline properties of silica in RHA are 
strongly affected by the temperature of formation and 
the duration of heating. There is also evidence that the 
level of impurities has a significant influence upon 
change of crystalline structure with temperature. This 
subject has been comprehensively reviewed recently 
(lames and Subba Rao 1992). 

The particular amorphous crystalline characteristic 
of silica in rice husk which derives from its role in 
plant structure can be maintained only through the 
combustion process if the temperature of combustion 
is kept low. Precise temperatures vary but above 
500°C it seems some significant degradation will 
commence. However, it appears that even at tempera
tures of over IOOO°C the amorphous structure will be 
retained provided the ash is quickly cooled. With 
increasing temperature the silica structure progres
sively changes into cristobelite, tridymite, and quartz 
crystalline forms. 

A high degree of amorphous structure of silica is 
known to give it a high reactivity in terms of its use 
for cement. The amorphous structure is very porous 
and has high surface area so this also gives a high 
activity for chemical treatment and in absorption. In 
general, silica in this condition has far more potential 
for commercial utilisation than mineral sources of sil
ica which are characterised by higher temperature 
crystalline forms. 

Types of system 

Techniques for thermal processing of rice husk to 
derive energy and/or provide RHA for subsequent 
use are commercially available. Some key systems 
are described below with an emphasis on potential 
small-scale processing. 

Brick incinerators. The status of these devices has 
been detailed through reports (Smith and Tait 1989; 
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Cook 1985). Development of these low-cost incinera
tion systems has been limited to the use of RHA in 
cement production. Through this work the importance 
of thermal processing techniques upon the physical 
properties of the ash has been established and 
although for this application there is some latitude on 
product quality it has been found necessary to draw
up a specification for RHA masonry cement. RHA for 
use in cement requires grinding in ball mills and the 
energy input for this operation is minimised with a 
high degree of amorphous silica in the ash. The time 
for milling may vary by a factor of seven and. being 
an energy intensive operation, it is a key consideration 
for process economics of RHA cement production. 

Traditional step-grate boilers. Inclined-step grate 
boilers are the traditional design for rice husk burn
ing. There are various configurations and the range 
has been fully described (Beagle 1978). In normal use 
these units bum the husk at high temperature (above, 
say, 700°C) under conditions which result in the for
mation of crystalline ash. In general, it appears that 
the ash from traditional step-grate furnaces does not 
retain an amorphous characteristic. 

Fluidised-bed combustion. Fluidised-bed eombus
tion of rice husk is a technique with intrinsic potential 
for producing amorphous ash since it enables low 
combustion temperatures. This route was applied for 
a large capacity application in USA in 1976 of 7.5 t 
rice husk/hour. Also work on 2 tlhour rice husk, fluid
ised bed, combustion units is reported to have been 
carried out in India and Australia (Cook 1985). NRI 
work on a lluidised-bed combustion and carbonisa
tion test rig for particu] ate biomass indicates a need to 
evaluate 1I2~] tonne/hour systems for application in 
developing countries (HolIingdale et al. 1990). 

Vortex gasifiers. Renewed emphasis has been 
placed on biomass thermal gasification in recent 
years since it can provide a high conversion effi
ciency route to derive shaft power from the thermal 
energy of biomass. In some preliminary collaborative 
work by Biomass Energy Services and Technology 
(BEST) and the National Building Technology Cen
tre (NBTC) attempts have been made to generate a 
consistent amorphous ash from a 30 kg/hour rice husk 
feed rate vortex gasifier (Hislop 1991). 

Pyrolysis/steam gasification. The Indian Institute 
of Technology has advocated a thermal processing 
route for conversion of rice husk to process recovery 
of silica from the ash. The technique proposed is con
trolled pyroJysis followed by steam gasification of 
carbon present in char and it is said to be economi
cally attractive at a system capacity of 6 tJday rice 
husk feed with output of 120 kW electrical power and 
1 tlday silica (Grover 1992). 

Brick suspension burner. Suspension burning with 
waste heat recovery offers good temperature control 
of combustion and commercial systems at 6 tJhour 



feed rates are available. The NRllow-cost brick-built 
suspension burner operates at 180 kg/hour rice husk 
feed rate and produces 33 kg/hour of ash. Ash analy
ses by X-ray diffraction has indicated a high amor
phous content though it is recognised that more work 
is required to establish design and operation proce
dures which would ensure a consistent ash to a mar
ket specification (D. Nicholas, pers. comm., 1995). 

Implications of ash quality 

In order to develop an understanding of the benefits 
that would accrue from a burner that provided a high 
grade amorphous rice husk ash, cost models were 
examined based on experience of the NRI 180 kg/ 
hour furnace in Sri Lanka. The results show that the 
production costs of rice husk ash are considerably 
lower if a heat production component is included into 
the project. Without heat production the cost of pro
ducing 1 t of ash is US$32 compared with $18 if heat 
production is included. This production cost of RHA 
in Sri Lanka is only about one eighth of the price ex
factory in Europe, without considering the value of 
the by-product heat. Clearly this is attractive but it is 
essential that the quality specifications be examined 
to establish a full comparison for its use. Also, there 
are particular aspects in relation to various products 
as described below. 

Cement. Production cost models for lime/RHA 
cements have been published for India (Cook 1985). 
Production costs were competitive with standard 
cement at $60/t when the rice husk was costed at a 
nominal figure of $1It. However, it was projected 
that if the rice husk costs increased due to its use for 
fuel, as has now happened in some situations, then 
production costs for these processes would become 
too high for the product to compete. In 1992 the esti
mated production cost of I t of cement using RHA in 
Sri Lanka was between $37 and $45, depending on 
the quality. This compared with bags of Indian 
cement being sold then at a price equivalent per 
tonne of $106. 

Refractories. By far the most important end market 
for refractories is the iron and steel industry. Trade 
has indicated that there is a European market for 
20,000 t/year of RHA for refractory bricks in the 
cement and steel industry. The kiln products, glass, 
and non-ferrous metals industries represent most of 
the remaining demand for refractory products and 
will have a smaller but nonetheless important impact. 
In the context of a specific developing country it has 
to be examined which among the above industries are 
prevalent in the national economy. Only a prelimi
nary assessment of potential cost savings from use of 
RHA in refractory bricks has been possible. This sug
gests that use of local RHA in Sri Lanka as a substi
tute for an imported raw material could reduce 
production costs by 25-30%. 
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Sodium silicate. Sodium silicate solutions (water 
glass) have properties similar to those of organic col
loids like gums and resins, but with the advantage of 
being colourless, odourless, heat resistant, and of 
becoming insoluble. The major uses of sodium sili
cate are connected with its adhesive, wetting, binding 
and detergent properties. It is widely used in the 
washing soap industry to improve the foaming capac
ity of soap. In addition, water glass is used to putty 
glass and china, to conserve foodstuffs such as eggs, 
to impregnate paper, and as a fire-resistant paint. 

Indian workers have analysed low cost routes to 
sodi um silicate from RHA (Andiappan 1981). These 
schemes relate to low outputs in the region of 1-3 t/ 
day and the method of production described is prima
rily intended for sodium silicate used for soap mak
ing. It is not clear that they could meet raw material 
specifications for major users of sodium silicate but 
the route involved does benefit from the use of amor
phous silica and is therefore of interest in the context 
of this exercise. Thus, I t of sodium silicate produced 
in India would cost $148. In November 1992, the 
trade list price of sodium silicate on the international 
market was between $456 and $978/t depending on 
the quality and quantity. 

Other products. Sodium silicate is a raw material 
for production of a range of products with a variety of 
overlapping uses, known generically as fumed silica 
and precipitated silicates. Other silicon products that 
have been identified and which could be derived from 
amorphous rice husk ash are silicon carbide, silicon 
tetrachloride, silicone nitride, silane, semi-conductor/ 
metallurgical grade silicon, and catalyst supports. 
Each involves particular production techniques which 
have been ascertained to varying degrees. In these, 
the use of a high quality amorphous silica is generally 
advantageous. 

Prospects for product development 

RHA cement does not offer a high value-added use 
of RHA since the price must be competitive with 
standard cement products. Previous studies on RHA 
cement have been re-examined and it is concluded 
that this product is only likely to be profitable with 
large-scale operations. 

Sodium silicate and RHA refractory bricks are two 
products to which more attention should be applied. 
These would sell at higher cost than RHA cement and 
might be produced more cheaply than comparable 
products not using RHA as a raw material. Reduced 
production costs would arise partly from the fact that 
RHA is an intrinsically cheap material but also from 
the technical benefits stemming from the amorphous 
structure. 

In view of the market potential for commercial 
products from RHA there should be further develop
ment of a furnace/combustor that provides energy in 



association with a high grade RHA. Parallel work on 
quality assessment of RHA is required. Experimental 
work should be focused on low cost and simple con
struction which makes it directly applicable to less
developed countries (LDCs). 

Market evaluation for siliea production derived 
from RHA should be extended and commercial col
laborative links established with a view to encourag
ing joint venture operations in LDCs where a degree 
of added-value production can be anticipated. 

Small-scale combined heat and power 

Energy balance in a typical rice-processing mill 

A summary of the energy requirements of a typical 
2 tJhour rice processing mill with a husk-fired steam 
boiler is shown diagrammatically in Figure 4. It is 
assumed for this mill that mechanical drying is not 
required on receipt of paddy and that the paddy is 
stored in sacks-therefore there is no energy input at 
these stages. 

Based on the following assumptions: 
(a) 2- tJhour rice processing mill. generating 440 kgl 

hour of rice husk 
(b) husk net calorific value of 13.5 MJ/kg 
(c) furnace efficiency of 90%; boiler efficiency of 65% 
(d) overall steam turbine or steam engine efficiency 

of6%. 
A San key diagram of a theoretical combined heat 

and power installation is shown in Figure 4. 
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The electrical power of 99 kW available approxi
mately matches the mill's electricity requirement of 
95 kW, made up of 20 kW for drying and 75 kW for 
milling. Should, in practice, there be an excess of elec
tricity production, consideration could be given to 
earning revenue by supplying the grid, if connected, or 
adjacentllocal industry or local community. In the 
event of insufficient electricity production to meet the 
mill's demand, grid electricity or some other form of 
back-up generation system would be required. 

The energy from the turbine or engine exhaust 
steam broadly matches the energy requirement for the 
hot water soaking, parboiling, and drying opera
tions-2792 MJ in the exhaust steam versus 2700 MJ 
required. 

Gasiticrs 

The equipment available for the steam-based sys
tems at this scale is limited and suffers from low effi
ciencies and high costs which are of the order of 
GBPI600/kWe (during October 1995, ca65 pounds 
sterling (GBP) = US$I). In many countries, consid
erable effort over a long period has been put into the 
development of a marketable gasifier system. 
Despite this effort such systems have not progressed 
beyond prototype stages. The efficiencies of the 
small-scale gasifier systems can be of the order of 
20%. The projected costs of gasifier based systems 
are in the range GBPI000-1200/kWe. The gasifier 
systems also suffer from the drawback that they pro
duce a noxious by-stream of liquor and tar. This con-
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Figure 4. Energy flow in a combined heat and power system. 
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sists of known carcinogens and disposal costs for this 
material are not often included in the financial 
appraisal of these systems. Due to the large water 
content and toxic nature of the wood tarslliquor, their 
disposal costs are not likely to be insignificant. The 
waste heat in the gasifier systems is of low grade. 
Furthermore, the gasifier systems are not very toler
ant of changes in the fuel properties. The biomass 
fuels are inherently of variable quality, particularly 
their moisture and ash content are determined by the 
ambient conditions, harvesting, and handling history. 
Therefore, a need exists for a small-scale power gen
eration system which can provide efficiencies com
parable to the gasifier systems, is cheaper, and does 
not suffer from the drawbacks of the gasifier sys
tems. The work described in this paper is an attempt 
to address this need. 

Indirect turbine 

Recent work by the NRI funded through the EU's 
JOULE II Non-nuclear Energy program, has identi
fied the attractiveness of energy cropping for power 
generation systems at around 100-300 kW for on
farm generation. Based on preliminary design studies 
an indirectly-fired gas turbine system was identified 
as a potentially attractive option at scales of around 
200 kW. The commercial viability of this type of sys
tem is enhanced if operated in combined heat and 
power mode. In addition to on-farm systems, consid
erable scope for applications of a system of this size 
exists where biomass residues are available, as in 
small- to medium-sized processing industries. Such 
applications arise in both developed and developing 
countries and may include rice mills with drying and 
parboiling heat requirements. 

Earlier studies on indirectly-fired turbine cycles 
have concentrated on large, high-efficiency systems 
which have necessitated the use of expensive materi
als for construction and/or sealed systems filled with 
gases such as helium. The systems investigated were 
based around turbines developed for direct firing. On 
the scale considered here, the approach is to focus on 
the economic viability and financial return of the 
unit-not simply to concentrate on higher efficien
cies alone-since it has been shown that competi
tively priced electricity, from biomass, can be 
produced only from a system with low capital, oper
ating, and maintenance costs; and high 'availability'. 
Indirect-fired gas turbine offers a potential to meet 
both of these criteria as it uses clean air as a working 
fluid and is based on rotating turbo-equipment with 
inherently long service intervals and greater reliabil
ity. 

The indirectly fired cycle has the potential to pro
duce electricity at efficiencies of 20% at modest tur
bine inlet temperatures and low turbine pressures. In 
the past, aero-derivative engines have been used 
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which are optimised for a high power to weight ratio 
and operate at high inlet temperatures. This has 
resulted in a requirement for heat exchangers made 
from ceramic materials. This project presents a new 
approach tailored to the requirements of small-scale 
stationary power generation under 500 kW" particu
larly for combined heat and power applications. 

The technology will use low-cost turbine and com
pressor systems based on automotive turbo-charger 
technology. The thermodynamics of a number of 
variants of indirectly heated turbine cycles have been 
evaluated with realistic values for various component 
efficiencies. A cost-effective system with an overall 
efficiency of 20% is possible using a single heat 
exchanger instead of two; as normally associated 
with recuperative indirectly heated turbines. The size 
of this single heat exchanger is less than the com
bined size of a separate heat exchanger and recupera
tor. Also, a cycle operated in this mode encounters 
lower heat exchanger temperatures and operates at a 
lower pressure ratio (3-4). The combination of lower 
temperatures and pressures results in requirements 
for the materials of construction which can be met 
with stainless steel rather than ceramics or nickel
based alloys. The system is illustrated in Figure 5. 

The following parameters were used in the calcula
tions: 

Polytropic efficiencies of compressor and turbine: 
0.85 

Effectiveness of heat exchanger: 0.85 
Pressure losses in the heat exchanger (for both hot 

and cold sides): 3% of inlet pressure 
Losses in gearbox and alternator: 10% of turbine 

net work 
Temperature at inlet of turbine: 750°C 
Temperature at outlet of combustor: 900°C 
Combustor losses: 5% of total heat input into the 

combustor 
Fuel: 

Moisture content 25% (wet basis) 
Ash content I % (wet basis) 
Gross calorific value 19900 kJ/kg (dafbasis) 
Net calorific value 13 140 kJ/kg (as fired basis) 

Most of the components for the proposed system 
are available but will require some modification and 
development work. The turbine, compressor, furnace, 
and low-temperature recuperator would be derived 
from existing technologies. However, there is a need 
for some development work on combustion systems 
to reduce potential fouling of the heat exchangers; on 
higher temperature heat exchangers and on turbo
machinery, especially the turbine side. Application of 
high-speed generator technology which has the 
potential for simpler control and to eliminate gearbox 
losses, is also to be investigated. 
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Figure 5. Indirectly fired exhaust heated cycle. 

It is anticipated that a system could be developed 
which would cost less than GBP800/kWe when in 
production. Using this figure electricity from such a 
system could be produced at a break-even price of 
5.6p/kWh (lOOp = IGBP). This is based upon the fol
lowing assumptions: 

Size of the system 250 k We 

Installed cost GBP800/kWe 
Cycle efficiency 20% 

Use of thermal energy ( 450 kW at 1.8p per kW) 

Heat rejection from the system at 100°C 

It is planned that an optimised prototype system 
will be designed and costed as the next stage of this 
work. 
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Non-conventional Grain Drying Technology 

Francis Courtois* 

Abstract 

Drying is probably the oldest method for preparing grain for long-term storage. Many scientists are sceking 
to understand the underlying phenomena, the influence of drying on quality, and to optimise the design and! 
or control of industrial dryers. Many technologies exist (air drying, freeze-drying, steam drying. etc.) but 
most of them are restricted to specific products and developed countries. Some of them are designated 'non
conventional'. mainly due to their high investment cost and the level of technology required. In most cases, 
they are not well suited to developing countries. 

Many constraints have to be considered in developing countries when designing a dryer. Thus, the global 
optimisation of the drying operation requires advanced knowledge. Even the precise definition of the ob
jectives of drying can be complex. Objectives are contradictory (e.g. energy efficiency is generally opposed 
to drying capacity). Quality and moisture content must also be considered. The complexity of the interac
tions between the different objectives is difficult to resolve, but the modelling approach can help here. The 
automatic control approach appears to increase the global performance of existing dryers. These tools can 
be invaluable to engineers and operators even if they are mostly used in laboratories. 

DRYING is one of the oldest methods for enhancing 
the '"torability' of biological products. For cereal 
grains, we can say that it is the oldest and only solu
tion applied. Depending on the level of industrialisa
tion, the drying may be natural or artificial, or a 
combination of the two. 

It is difficult to definc what is a 'non-conventional' 
drying technology since what is conventional in 
Europe may not be so in Asia and vice versa. As we 
will discuss, non-conventional often means 'unac
ceptable cost' . 

Our aim here is not to review unusual technologies 
for drying. Of more interest from our point of view is 
to focus on the physical goals and constraints of grain 
drying and then propose some solutions. 

As we will see, drying involves many different 
products and goals, and is applied in so many techno
logical environments that we need to use a general 
approach close to the level of microscopic phenomena. 

First, we may say that we are all interested in opti
mising grain drying. That is, we want the drying to be 
inexpensive (investment and running costs), multi
purpose, maintain grain quality, be under automatic 
control, etc. 

* ENSIA-INRA, 1 Avenue des Olympiades, 91305 Massy 
Ccdex, France. 
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We will focus on each goal in an endeavour to 
understand how to optimise the drying process. 

Methodology 

Dryer optimisation can be studied at three levels: 
• The design level, if the dryer is not yet built. We 

need to make a choice between a diversity of tech
nologies, materials, dimensions, etc. 

• The set-up level, if the dryer already exists. We need 
to find the best setpoint to optimise the objectives. 

• The control level during drying. We need real-time 
corrections of the setpoint to avoid perturbations 
and reduce the overall standard deviation in the 
outlet moisture content. 
Whatever the level of optimisation we seek, the 

objectives remain the same. We need to define the 
objectives with precision, in terms of an equation. 

Defining Objectives 

Grain drying generally has several objectives. Figure 
I shows the most common ones. Each problem is 
specific and thus has a specific objective map. As can 
be seen, objectives may be contradictory. For exam
ple, maximising the product flow rate generally 
involves the highest energy cost. 



installation 
investment 

quality 

energy 

product 
flowrate 

multl-products 
ability (flexibility) 

moisture 
content 

production cost 
and simplicity 

Figure 1. Drying objectives can be contradictory. 

Since we are going to use some mathematics, we pre
fer to group all objectives in a single cost function J: 

(1) 

This cost function J has very general use. To fit 
particular objectives, we need to set the values of the 
ai coefficients. Choosing these values is equivalent to 
finding the correct compromise between energy cost, 
quality. investment, etc. Note that the investment cost 
can be treated separately, since it is incurred before 
the dryer is operational. 

This cost function is obviously an integral of time 
since none of the variables are constant. In particular 
the third term is subject to large variations and thus 
leads to consideration of automatic control as an opti
misation solution. 

Primary Objectives 

Energy 

First there are some physical limits to energy effi
ciency. When using air as a drying medium, the 
energy consumption is at least 2.3 MJ (550 kCal) per 
kilogram of water, the latent heat of vaporisation. 
Dryers in western countries generally have energy 
efficiencies of 700-1200 kCal per kilogram of water, 
and it would be quite difficult and expensive to 
reduce this energy requirement. 

Generally. good energy efficiency is associated 
with higher investment costs (more complex con-
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struction) and may thus be incompatible with con
straints encountered in the developing countries. 

It can also run counter to the drying capacity, since 
the highest energy efficiency is obtained with cribs in 
western countries at a very low cost but a very low 
production capacity. 

How is energy lost during drying? As we will see 
later, exhaust air is rarely saturated and thus still has 
drying capacity. Even if it is completely saturated, its 
temperature is generally higher than that of the ambi
ent air. But the main loss comes from the vapour pro
duced in the air. This contains a great deal of energy 
which could be retrieved if we could condense it 
(Fig. 2). 

Latent heat of 
condensation of the 

output vapour 

Unused air 
drying capacity 

Unused air heat 

Figure 2. Comparison of the different kind of energy 
losses. 

Some numerical values illustrate this point. 
• The energy required to heat 100 kg of maize from 

20 to 70°C (the highest grain temperature encoun
tered in French dryers) is 5.6 MJ. 

• The energy required to vaporise 20 kg of water 
(100 kg of maize dried from 35 to 15% moisture 
content, wet basis) is 50 Ml. 
It is clear that vaporisation of water consumes 

about 90% of the energy for drying. 
This is the basic idea that led to consideration of 

steam rather than air as a drying medium. Since the 
drying medium and the gas produced are the same, it 
offers some interesting possibilities: 
• the steam produced, when recompressed or heated, 

is able to replace the condensed drying medium 
(closed loop) 

• there is no rejection of fines (no air wastes) 
• a higher drying rate is possible (mainly due to the 

high temperature) 
However, steam drying also has a number of dis

advantages: 
• much higher cost (boiler, high technology dryer, etc.) 



• quality degradation due to the high temperature 
(reverse conclusion in certain cases). 
It is important to note that drying with superheated 

steam implies boiling of the water in the product. The 
dried products thus differ from those obtained by hot 
air drying. 

We may say that, due to its high investment cost, 
steam drying is reserved for very high production 
capacities and convection-limited products (i.e. diffu
sion is not the limiting factor of the drying rate). 

It is important to categorise the energy optimisa
tion possibilities: 
• conception level-choice of the drying medium 

(air, steam, microwaves, etc.), heating device 
(electrical, fuel, etc.), design of the dryer; 

• tuning level-settings of the dryer (temperature, 
flow rates, etc.) 

• controllevel-control algorithm (setpoints, desired 
performance) 
The first level (conception) differs from the others 

in that the dryer does not exist yet at this point. The 
choices must be made by considering the environ
ment constraints: what is the cheapest energy availa
ble? Do we have the technological environment to 
produce and use steam? 

How does one tune an existing dryer for optimal 
running? The best answer would come from simula
tion tools (model based computer aided design 
(CAD) software; see section on modelling) and the 
dryer design. In the more general case, the answer 
comes from previous knowledge and thus can be con
sidered to be sub-optimal. 

Figure 3 shows theoretical curves comparing per
fonnance using manual and automatic control. Is has 
been widely verified that automatic control leads to a 
narrower distribution of the moisture content of the 
product at the output. Thus, the setpoint is approached 
more closely and the energy consumption is reduced. 

production 
(frequency 
distribution) 

maximum 
moisture 
content 
required 

moisture 
content 

mean maximum observed 

Drying capacity 

As previously discussed, both the drying capacity 
and the energy efficiency must be considered. For a 
continuous dryer, drying capacity is inverse propor
tional to the residence time (Le. drying time) of the 
product. For a discontinuous dryer (e.g. a crib), it is 
proportional to the size of the dryer since the resi
dence time is very long. 

As an example, typical production capacities in 
France (for a maize mixed flow dryer operating to 
reduce moisture content from 35 to 15% wet basis) 
ranges from 30 to 100 t per hour. 

Clearly, the production capacity should be defined 
at the design level, considering the requirements and 
the effective (decreasing) drying rate of the product. 
Best solutions are obtained with the help of a simula
tion tool (model-based CAD software). 

If we consider a deep bed of grain, dried by hot air 
flowing from the bottom to the top, where the input 
air characteristics are 100°C and I % relative humid
ity (r.h.), two contrasting cases can be considered for 
the output air characteristics (Fig. 4): 
• either we want the best production capacity (lowest 

drying time)-airflow rate should be as high as 
possible to maintain the same drying capacity eve
rywhere in the bed; or 

• we want the best energy efficiency-airflow rate 
should as low as possible to use completely the 
drying capacity of the air (100% r.h. and WOC at 
the output) 
It is obvious that increasing the airflow rate will 

increase the global drying efficiency of the bed 
(including the production capacity) while considera
bly decreasing its energy efficiency. Conversely, a 
low airflow rate will ensure high energy efficiency 
and better quality while greatly reducing the produc
tion capacity (due to long drying time). 

production 
(frequency 
distribution) 

cost 

Under Automatic Control 

setpoint 

maximum 
moisture 
content 
required 

moisture 
content 

Figure 3. Automatic control reduces the moisture heterogeneity and thus better fits the requirements. 
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100 G-l00% r.h. 

to lower 
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consumption 
and increase 
the quality 

100' G-l% r.h. 

to speed up 
the global 
drying rate 

airflow 100'G-l% r.h. 100'G-l% r.h. 

Figure 4. Energy and drying rate can be considered as 
opposite objectives. It is totally related to the 
characteristics of the output air. 

Quality 

During the 1970s, energy efficiency was the most 
important factor to consider when designing and 
operating dryers. Today, quality is becoming increas
ingly important, perhaps more important than energy 
when drying rice in western countries. 

Rice is a good example, since broken kernels can
not be used for human food markets and thus their 
value is only one-tenth that of whole kernels for the 
same production cost. 

Many authors have studied phenomena associ
ated with the degradation of the quality of rice ker
nels (Kunze 1979, 1996). The wet-milling quality 
of maize (Courtois et al. 1991), the baking charac
teristics of flour, and the viability of wheat seed 
(Nellist 1981; Nellist and Bruce 1987) have also 
been studied. These last studies have developed 
models describing the relation between quality deg
radation and drying variables (grain moisture and 
temperature). 

We have shown (Courtois 1991; Courtois et al. 
1994) that the wet-milling quality of maize is mainly 
influenced by the thennal treatment, independently of 
any drying phenomena. Using water baths, after one 
hour at fixed temperatures, the quality was considera
bly reduced for temperatures above 50°C (Fig. 5). 

Bonazzi et al. (1994) describe an interesting com
parison between two different kinds of experimental 
treatment: 
• one hour drying of rice; and 

• one hour of thennal shock without drying (see 
above). 

Quality was measured as head rice yield (in a 
processing unit). Results are presented in Figure 6. 

Obviously, the quality is not affected if no drying 
occurs even at high temperatures. This quality crite
rion is a physical one, as opposed to the biochemical 
criterion used for the wet-milling quality of maize . 
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Figure 5. Wet-milling quality (absorbance units) of 
maize in vacuum-sealed bags after one hour in 
water baths at different temperatures (Courtois 
1991). 
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Figure 6. Comparison between drying and thermal 
shocks on final rice quality (Bonazzi et al. 
1994). 

Unfortunately, there are only a few products for 
which quality models are available. This is partly due 
to the high cost of the experimental work required for 
this purpose. Another important reason arises from 
the fact that quality is more a constraint than a real 
objective to maximise. Generally, the operator 
chooses a quality limit below which Ihe dryer should 
not operate . 

General-purpose dryers 

A major component of the cost of a dryer is attrib
utable to its limited use: about one month from the 
beginning of the harvest. As an example, in France, 
grain dryers work only 3- 4 months a year for an 
approximate investment of US$400000. It is thus 
obvious that research on grain drying should focus 
more on the mUlti-purpose capabilities of industrial 



dryers. Realistically, however, we must admit that 
there is no industrial dryer available that could dry 
grains, pet foods, or flours equally well. 

The Modelling Approach 

It is difficult to say if there might be a universal solu
tion to all the problems listed above. In particular, we 
did not consider the additional constraints specific to 
developing countries. From our point of view, the 
gain in performance will be achieved more by the use 
of modem tools such as models and automatic con
trollers, than by specific technologies. An interesting 
illustration of this is the superheated steam widely 
used for liquid concentration (evaporators) but very 
poorly used for the drying of solids in western coun
tries. This is mainly because of the very high cost of 
these technologies. These remarks can also be 
applied to several other technologies, such as freeze
drying and vacuum-drying. 

Models are useful for a number of reasons. First, 
there are many good drying models in the literature 
for most cereals (Toyoda 1988; Bakker-Arkema et al. 
1974). Moreover, it is not expensive to adapt existing 
models to other products. 

Second, models allow the testing of the best design 
of a dryer reducing the development cost and opti
mising the performance obtained. This is particularly 
useful since the drying time varies widely with the air 
characteristics (Fig. 7). 
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Figure 7. A model allows the prediction of the drying time 
at any air temperature and humidity (compari
sons experiment/simulation) (Courtois 1991), 

Third. combining drying and quality models ena
bles the global optimisation of the design and settings 
of the dryer. It provides online assistance to the oper
ator to detennine the best settings for the desired per
formance (Fig. 8). 
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Figure 8. Normograph of thin layer drying of maize 
(obtained by simulations) (Trelea et al. 1995a). 

For practical reasons (mainly the destructive meth
ods used for quality measurements), the confidence 
intervals on quality predictions are much larger than 
those for drying. As shown in Figure 9, the validation 
of the quality model gives a poorer agreement 
between experiments and simulations compared with 
those observed for the drying model. 
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Figure 9. Comparison between experiment and simula
tion of maize wet-milling quality during one 
hour drying at 80°C (Courtois el al. 1994). 

The Control Approach 

It would be difficult to list all the possibilities that 
would flow from the availability of a good model 
combining drying and quality (Trystram and Courtois 



1994). We will emphasise here the use of a model in 
a model-based predictive control algorithm used to 
control a fixed-bed maize dryer. 

A study in progress (Trelea et at 1995a) concerns 
the optimisation of batch drying. The study focuses 
on the fixed-bed drying of a thin layer of maize. The 
wet-milling quality of the maize is considered as well 
as its moisture content (Fig. 10). 

PROCESS 
maize final moisture 
content and 
quality 

Figure 10. Bivariable non-linear model based predictive 
control scheme. 

Two recurrent neural networks have been identi
fied to speed up the online prediction of moisture 
content and wet-milling quality of maize (Trelea et 
al. 1995b). These models are coupled with optimisa
tion techniques to determine the best air temperature 
to achieve the correct final moisture content at the 
desired drying time, and to ensure that the quality 
stays within required boundaries. Uncertainties in the 
state variables are taken into account. 

Figure 11 plots the results of an experiment con
ducted to observe the efficiency of the controller 
during a simulated disturbance (heating resistors 
were decoupled for one hour). Despite this, the algo
rithm has succeeded: final moisture content is under 
the desired value and the quality is maintained above 
its limit. 

The interest in this method lies in its generalisation 
ability. The lack of assumptions concerning the 
model, the general formulation, and the very good 
performance are important advantages to consider. 

Conclusion 

Grain drying remains open as a domain for research
ers. There is a multitude of publications to support 
this assertion (e.g. proceedings of drying sympo
siums). However, these studies may diverge from 
developing countries' considerations and needs. They 
generally do not take into account either practical 
constraints encountercd in developing countries or 
the mUlti-purpose ability required. 
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Figure 11. Simulated and experimental maize moisture 
content and wet-milling quality during a thin
layer batch drying with a temporary failure of 
the air heating device. Predicted (neural net
work) quality is compared to reference model 
simulation. 

Knowledge of underlying phenomena is increasing 
and several models are available. Despite this, there 
are few CAD tools available to help people design 
and set up their dryer for their specific requirements. 
Moreover, knowledge of the linkages between drying 
and quality is still more practical than when they are 
formulated as a model. 

Solutions are specific to each problem and thus it is 
very difficult to propose a general solution. Despite 
this, the modelling approach may be of great help 
through: 

• CAD software, to design and tune; 

• model in a predictive control algorithm; and 

• simulators to train users at a low cost. 

From a technological point of view, it is clear that 
the use of superheated steam (at or below atmos
pheric pressure) is a very promising area for many 
reasons to do with energy transfer, but it has high 
investment costs. It is thus restricted to high produc
tion capacity dryers. 
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CONTRIBUTED PAPERS 



Grain Drying as a Means of Reducing 
Harvest Losses 

Yahya Abawi* 

WHEAT and sorghum are major winter and summer 
crops grown in north-eastern Australia. Bad weather 
during harvest can cause considerable delays to har
vesting, resulting in substantial yield and quality 
losses. On average some 10% of Australian wheat is 
downgraded to feed quality because of summer rains. 
Harvesting of sorghum is normally carried out in late 
autumn and early winter. Overnight dew, high rela
tive humidity. and shorter day length prevent rapid 
drying of the grain in the field. Clearly. high moisture 

* National Centre for Engineering in Agriculture, Queens
land Department of Primary Industries, P.O. Box 2246, 
Toowoomba, Queensland 4350, Australia. 
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harvesting and drying of the grain can reduce 
weather-related damage and yield losses. A simula
tion model of grain harvesting and drying was devel
oped to examine the economics of high moisture 
harvesting and drying. The results show that the opti
mum harvest moisture content for wheat is between 
14 and 18% (wet basis) and for sorghum is around 
18% (wet basis). This paper outlines some strategies 
for minimising grain losses caused by adverse 
weather during harvest. 



Mininlum Daily Tenlperature as a Predictor 
of Dewpoint Temperature 

Yahya Abawi* 

PSYCHROMETRIC data, such as relative humidity, dew
point temperature, wet-bulb temperature, and vapour 
pressure, are used in the simulation of many grain 
drying and aeration systems. However, availability of 
such data is limited to a few meteorological stations, 
and records are often short and incomplete. On the 
other hand, long-term records of daily minimum and 
maximum temperatures, from which hourly values of 
dry-bulb temperature can be generated using pub
lished models, are widely available. In this paper, 
regression analysis is used to relate dewpoint temper
ature to daily minimum temperature. Once the dew
point temperature is known, all remaining properties 
of air can be computed from the dry-bulb temperature 
and the psychrometric equations. 

Materials and Methods 

Seven meteorological stations in Queensland and 
New South Wales were selected to represent contrast
ing climatic conditions for this study (Fig. 1). The 
minimum data set used in the analysis included daily 
minimum and maximum temperatures, rainfall, and 
dry- and wet-bulb temperatures at 0900h and 1500h. 
For each location, a minimum of 15 years of data was 
available for regression analysis. At each location, 
daily dewpoint temperatures were calculated at 0900h 
and 1500h. If the difference in dewpoint temperatures 
between the 0900h and 1500h was greater than 6°C, 
the data were discarded and assumed to have meas
urement errors (this accounted for about 4% of all 
available data). Daily variations of more than 6°C in 
dewpoint temperature are extremely rare and could 
occur only with sudden change in atmospheric condi
tions such as a storm. 

* National Centre for Engineering in Agriculture, Queens
land Department of Primary Industries. P.O. Box 2246, 
Toowoomba. Queensland 4350, Australia. 
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To establish a relationship between the dewpoint 
temperature and the minimum daily temperature, the 
average daily dewpoint temperature (mean of 0900h 
and 1500h) was correlated with daily minimum tem
perature, for each location. Regression coefncients 
were derived for each month, to determine the seasonal 
variability of the correlation. Separate regression coef
ficients were derived for dry and wet days so that the 
effect of wet days on the relationship between the dew
point and minimum temperature could be found. 

Results aud Discussion 

Correlation between daily minimum temperature 
and average dew point temperature 

Significant correlations were found between the 
daily minimum temperature and the average dewpoint 
temperature. More details of the results and the 
monthly regression coefficients for each location are 
given in Abawi (1994). The correlation was generally 
higher (R2 

= 0.70, P < 0.01) during the southern win
ter, when the differences between the daily minimum 
temperature and the dewpoint temperature are smaller. 
The correlation was lower (R2 = 0.3, P < 0.01) during 
the southern summer, particularly for the drier regions 
(Charleville and Roma) where the differences between 
dewpoint temperature and minimum air temperature 
are larger. During summer, the correlations were gen
erally lower for wet days than for dry days, partly 
because of the subjective definition of what consti
tutes a wet day, as discussed later. 

For each location, daily value of dewpoint tempera
ture was calculated from 1957 through to 1973. The 
calculations were based on the daily minimum tem
perature, state of the day (dry or wet), and the regres
sion coetIicients. The average daily dewpoint 
depressions (minimum temperature minus dewpoint 
temperature) for Charleville, Emerald and Dalby (as 
representative locations) for dry and wet days are 
shown in Figures 2 and 3. 
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Figure 1. Locations used in the study. 
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Figure 2. Seasonal and locational variability in dewpoint depression. Data points are average daily depression (1957- I 973) 
for days without rain. 

The results show that dewpoint depressions are 
spatially and seasonally dependent. Dewpoint depres
sions increase with the distance from the coast and 
show a distinct seasonal trough with the minimum 
occurring during the cool winter months. 

For fine days, the average daily depression dur
ing summer ranged from 2°C for Dalby (200 km 
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inland) to 10°C for Charleville (1000 km inland) 
(Fig. 2). During winter, the dew point depression 
was about 1°C for all locations more than 200 km 
inland. For Dalby, the dewpoint depression was 
negative during winter, indicating that dewpoint 
occurs before minimum daily temperature is 
reached. 
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Figure 3 Seasonal and loeational variability in dewpoint depression. Data points are average daily depression (1957-1973) 
for days with rain, 

For wet days, the dewpoint depression was close to 
1°C for most locations, particularly during winter (Fig. 
3). The results for wet days showed considerable scat
ter, especially during summer at inland locations such 
as Charleville. This is largely because wet days were 
defined as days with more than zero mm of rain and, 
consequently, many days with less than I mm of rain 
were classified as wet days. Dewpoint temperatures are 
up to !O°C below the daily minimum temperature on 
dry days and only 2-3°C below on wet days. 

In the absence of direct data on dewpoint tempera
ture, researchers have often assumed that the dew
point temperature occurs at minimum daily 
temperature and, based on this assumption, have pre
dicted agroclimatic data such as relative humidity, 
wet-bulb temperature and vapour deficit (Carberry 
and Bristow 1991). The results from this study show 
that the general assumption of minimum daily tem
perature as a substitute for the dewpoint temperature 
is not valid and could lead to significant errors, partic
ularly for arid regions where the difference between 
the daily minimum temperature and the dewpoint 
temperature could be up to lO°e. 

Besides seasonal and spatial effects, other variables 
such as altitude and the daily temperature range may 
influence the relationship between the daily minimum 
temperature and the dewpoint temperature. This is 
currently being examined. 

Correlation between 0900h and 1500h dewpoint 
temperature 

Calculation of hourly psychrometric values from 
the dewpoint temperature is usually based on the 
assumption that the dewpoint temperature remains 
relatively constant throughout the day (Kimball and 
Bellamy 1986; Campbell 1977; Bristow and Carberry 
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1991). This assumption was tested by plotting the cal
culated dewpoint temperatures at 0900h against the 
dewpoint temperatures at 1500h. The data for one 
year for Goondiwindi are presented in Figure 4 as a 
representative sample which shows that dewpoint 
temperatures were generally higher at 0900h than at 
1500h, particularly on fine days. During wet days the 
dewpoint temperatures were nearly the same at 0900h 
and 1500h. These results suggest that in certain appli
cations, such as in the simulation of grain aeration 
and drying systems, where hourly values of air prop
erties are needed, the relationship between the 0900h 
and 1500h dewpoint temperature needs to be taken 
into consideration. 

Prediction of hourly psychromctric data from 
daily temperatures 

To assess the reliability of the method for predict
ing hourly data, 29 years (1957-1985) of daily mini
mum and maximum temperatures and rainfall for 
Goondiwindi and Dalby were used to generate hourly 
dry-bulb temperatures using the algorithm proposed 
by Kimball and Bellamy (1986). The regression coef
ficients were then used to predict daily dewpoint tem
perature from minimum air temperature and daily 
rainfall. Dewpoint temperature during the day was 
assumed to remain constant. The psychrometric equa
tions were then solved to compute hourly values of 
wet-bulb temperature and relative humidity_ The 
average monthly values of these parameters at 0900h 
and 1500h and the published historical averages 
recorded by the Bureau of Meteorology (1957-1985) 
for Dalby are presented in Table 1. There is a close 
agreement between the predicted data, based on the 
regression coefficients, and the published historical 
data, particularly at 1500h. 
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Table 1. Comparison ofhistoricaJ and predicted air temperatures and relative humidity for Dalby (1957-1985). Station 041023: Latitude 27° I1 'S; Longitude 151 0 16'E. 

Mean temperatures Cc} and relative humidity (%) at 0900h Mean temperatures (QC) and relative humidity (%) at 1500h 

Dry-bulb Wet-bulb Dewpoint r.h. Wet-bulb 

Jan 25.1 

Feb 24.7 

Mar 23.2 

Apr 20.2 

May 15.5 

Juo 11.7 

Ju\ 10.5 

Aug 13.0 

Sep 17.0 

Oct 20.7 

Nov 23.5 

Dec 25.0 

Notes: 
Values in shaded columns are calculated from historical daily minimum and maximum temperatures and the regression coefficients. 
Value in remaining columns are from: Climatic Averages Australia, Bureau of Meteorology, 1988. 

Dew-point r.h. 
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Figure 4. Correlation between 0900h and 1500h dewpoint temperatures. Daily data for Goondiwindi. s = wet days; n -
fine days. 

The predicted dry-bulb temperatures at 0900h are 
2-3°e below the published data, particularly during 
the winter months of May-August. This difference 
arises from the assumption in the Kimball and Bel
lamy (1986) model that minimum air temperature 
occurs shortly after sunrise. A slight lag between the 
predicted and actual time that minimum temperature 
occurs results in a large prediction error because of 
the steep gradient in the temperature rise early in the 
morning. Since the wet-bulb temperature and the 
relative humidity records are derived from dry-bulb 
temperature, an error in the dry-bulb temperature 
would also influence the values of these parameters. 
Another explanation for the difference between pub
lished and predicted data, particularly for relative 
humidity and wet-bulb temperature, may lie in the 
assumption that the dewpoint temperature remains 
constant during the day. Dewpoint temperature is 
1-2°e higher at 0900h than at 1500h (Fig. 4) and 
because this bias is not corrected in these calcula
tions, it could explain some of the differences 
between the observed and published data at 0900 h. 

Conclusions 

The assumption that minimum daily temperature can 
be substituted for the dew point temperature is not 
valid. However, significant correlation exists 
between the daily minimum temperature and the 
dewpoint temperature. In eastern Australia, the 
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regression parameters vary with the season, loca
tion, and the state of the day (wet or dry). The dew
point depression (minimum temperature minus 
dewpoint temperature) ranged from about -Ioe for 
coastal areas during the southern winter (May
August) to lQoe for inland locations during the 
southern summer (November-January). On wet 
days, at all locations and times of the year, the dew
point depression was close to zero. These results can 
be used to predict a wide range of agroclimatic data 
from daily minimum and maximum temperatures 
and rainfall records. 
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Design and Development of a Rotary Semi-fluidised 
System Dryer for Paddy 

T.F. Anchiboy and R.E. Manalabe* 

THE advent of flash dryers has been brought about by 
the two-stage drying technology, a proven way of min
imising grain quality deterioration after harvest. The 
first stage of drying entails the rapid removal of sur
face moisture that will otherwise cause rapid quality 
deterioration. The successful development of mechani
cal dryers involves both technical and socioeconomic 
considerations. The latter have often been overlooked 
in the past, thus resulting in technologies that failed. 
Most Filipino farmers cannot afford a mechanical 
dryer no matter how simple and inexpensive the unit 
might be, but they are willing to pay for farm services 
such as threshing and harvesting. They might also be 
willing to pay for custom drying if an appropriate serv
ice and equipment were available. This study exam
ines the factors considered in the design and 
development of a rotary semi-fluidised system dryer, 
or RSSD, for first-stage drying of paddy. 

Methodology 

Ex-ante socioeconomic survey 

To analyse the various social and economic 
parameters that served as bases for the development 
of the RSSD, an ex-ante socioeconomic survey was 
conducted with farmers as respondents. Drying sys
tems applicable to their operations were identified 
and quantified in terms of gross income, for the com
putation of an affordable drying fee and investment 
cost for the developed technology, 

Experimental model of the RSSD 

In parallel with the survey, an experimental model 
of the RSSD was built for laboratory testing (Fig. I). 
The optimum exhaust door opening, which affects the 
moisture extracting capability of the drying system, 
was established in the test. The effect of initial mois
ture content of the paddy to be dried, the inflow rate, 
the drying air temperature, and the airflow rate on the 

* Postharvest Engineering Department. National Posthar
vest Institute for Research and Extension. CLSU 3120, 
Muiioz, Nueva Ecija, Philippines. 
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performance of the dryer were also investigated. 
Paddy at 1 tlhour flowrate was dried using a tempera
ture of 150-170°C and an airflow rate of 57 m3; 

minute. In another experiment, airflow was reduced to 
37 m3;minute in order to investigate the possibility of 
reducing blower capacity and thereby its cost. 

Prototype model of the RSSD 

The prototype model of the RSSD was designed 
and developed based on the results of the drying 
experiments using the experimental model and the 
findings of the ex-ante study on the preferred invest
ment cost, drying cost, and drying strategy. The pro
totype was performance tested. Important parameters 
such as the moisture extracting capability and input 
and output flowrates werc established in the tests. A 
bill of materials was determined in order to evaluate 
the investment cost of the dryer, particularly whether 
it remained within the affordable investment cost lim
itation established in the first part of the study. Fuel 
consumption and labour requirements of the dryer 
were also recorded. 

Results and Discussion 

Seven existing and proposed drying systems were 
identified in the ex-ante survey as shown in Figure 2. 
The gross incomes from the different systems were 
computed, without deducting the drying fee. The 
results are shown in Figure 3. SVI has the advantage 
over the rest, followed by SIll and SVII. However, 
SIll is difficult to achieve during the wet season, 
hence SVI and SVII were compared for the calcula
tion of affordable drying fee. The difference in gross 
income between the two systems was computed and 
divided by the volume available for drying to arrive at 
the affordable drying fee of approximately PHPIO.OO 
per cavan (during October 1995, ca 25 Philippines 
pesos (PHP) = US$l; 1 cavan = 50 kg). Cost data of a 
I tlhour mechanical thresher were used as a starting 
point in determining the cost for the RSSD. Invest
ment cost was computed by dividing the net ineome 
by the assumed payback period, and was found to be 
approximately PHP46,OOO.OO. 



~ Hot air Ambient air 

Figure 1. Schematic drawing of the experimental model of the RSSD. Parts of the model are as follows: I, loading hopper; 
2. screw auger; 3, perforated cylinder drum; 4, air duct; 5, blower; 6. kerosene pot type burner; 7, gasoline engine; 
8, electric motor and; 9, unloading port. 
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An experimental model of the RSSD was fabri
cated and used for preliminary testing. Table I sum
marises the results of the first laboratory test. At a 
residence time of 20 seconds, the resulting moisture 
extraction averages 3.8% resulting in an input capac
ity of only 0.58 tlhour, well below the target capacity 
of I tJhour. 

Table 1. Performance testing ofRSSD experimental 
model at varying exhaust door opening. 

Exhaust door opening 

lI4 112 3/4 

Drum ang. vel., mps 1.61 1.61 1.61 1.61 

Blower speed, rpm 2705 2695 2712 2705 

Drying air temp. °C 100 100 110 110 

Grain temp, uncooled, °C * 50 * 56.5 

Cooling duration hr I 

Grain temp., °C (cooled) * 33.5 * 32.5 

Airflow, m3.1min 56.68 56.68 56.68 56.68 

Res. time, sec. IS.70 19.61 20.S6 21.19 

Initial m.c., % \V.b. 22.07 21.S8 24.23 25.35 

Final m.c., % w.b. IS.40 IS.52 20.18 21.29 

Moist. reduction 3.67 3.36 4.05 4.06 

Total drying time, sec 110.S 118.0 133.3 138.5 

Capacity, tlhour 0.65 0.61 0.54 0.52 

With the loading hopper regulator fully open, the 
highest grain input flowrate of 0.83 tJhour was 
achieved. Decreasing the drum speed from 78 to 60 
rpm decreased the residence time to only 7 seconds, 
thus increasing the grain output flowrate (Fig. 4). 
With the decrease in the grain residence time, the 
moisture extracting capability of the dryer also falls 
(Fig. 5). Figure 6 shows that as drum speed decreases, 
grain flowrate increases to a peak at 50 rpm, then 
gradually falls again as drum speed continues to 
decrease. It was also observed during the drying 
experiments that the highest possible drying air tem
perature, without resulting in a kerosene odour in the 
exhaust, ranged from 150-170°C. Quality analysis 
done in terms of brown rice, milled rice, and headrice 
recovery showed no significant differences between 
samples taken before and after drying, 

The combined effect of high drying-air tempera
ture and low airflow at I tlhour flowrate in the pre
ceding experiment was not very encouraging in 
terms of moisture extraction (2.1 % per pass). For this 
reason, another experiment was conducted, using 57 
m3tminute airflow instead of 37 m3tminute. The 
results are summarised in Table 2. At 150-160°C 
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drying air temperature and approximately 57 m3j 

minute airflow, the resulting moisture extraction was 
3.9%. The initial moisture content of the sample used 
was relatively low at 22.0% (wet basis), and the 
actual output capacity was calculated to be 0.90 tI 
hour. Results of the quality analyses done on samples 
before and after drying paddy with high drying-air 
temperature and high airflow showed no significant 
difference in brown rice and milled rice recovery but 
for the headrice recovery, the initial sample (before 
drying) had a relatively lower headrice yield than 
samples after drying (Table 3). This could be attrib
uted to the gelatinisation effect of using high drying
air temperature and high airflow during the f1ash
drying operation. 
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Table 2. The effect of flash drying paddy with ISO-
160°C drying air temperature and 57 m3/minute 
airflow on moisture extraction of paddy. 

Trial I Trial 2 Trial 3 

Initial m.c. (% w.b.) 22.0 22.4 22.5 

Ambient temp. (0C) 32.5 32.2 33.6 

Grain temp. (0C) 55.0 55.0 55.0 

Final m.c. (% w.b.) 18.1 18.3 18.8 

Moisture reduction (%) 3.9 4.1 3.7 

Grain flowrate (t/hour) 0.894 0.888 0.923 

Table 3. Summary of the quality analysis of flash 
dried paddy using 150-160°C drying air 
temperature and m3/minute airflow. 

% Brown rice % Milled rice % Head rice 

Initial sample 76.3 64.4 83.9 

Trial I 75.8 64.4 88.0 

Trial 11 76.5 64.6 88.0 

Trial III 76.7 64.8 88.4 

The prototype model of the RSSD (Fig. 7) was 
designed and fabricated based on the results of the 
various drying experiments. The loading hopper of the 
developed dryer is provided with a regulator to control 
the input flowrate of the grain. Likewise, a separate 
auger pulley is provided to make the auger speed 
independent to the speed of the rotating drum. Thus, 
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the optimal drum speed could be set to achieve fluid
ised-drying of grain at 1 tlhour input flowrate (as can 
be regulated separately through the auger speed). 

A plenum air manifold is provided with air divert
ers to achieve equal distribution of drying air to the 
entire length of the rotating drum. Exhaust air is 
vented through a duct with a 10 x 20 cm opening at 
the side opposite the plenum air duct. An axial fan 
was used in the dryer rather than a centrifugal blower 
because the resulting static pressure of the dryer is 
less than 1 inch of water gauge. Also, axial fans are 
cheaper than centrifugal blowers. The computed bill 
of materials for the RSSD prototype was 
PHP42,927.50. 

Results of the performance testing of the prototype 
model showed that the average moisture reduction of 
paddy is 4.1 % per pass, at a residence time of 40 sec
onds. The average kerosene consumption was 5.6 U 
hour and the average gasoline consumption of the 
engine used for the blower 1.5 Uhour. Input capacity 
was maintained at I tlhour, with a dryin~ air tempera
ture of 160°C, and an airflow of 57 m· Iminute. The 
labour requirement for the entire drying operation 
was at least 3 persons. 

Conclusions and Recommendations 

1. The RSSD was designed and envisioned to give 
the highest return in the wet season, especially 
during days of continuous rain when one day of 
sun drying is not sufficient to completely dry the 
paddy to a safe moisture level. 

2. The mechanical drying fee affordable to farmers 
was estimated to be approximately PHPlO.OO per 
cavan of paddy. 

3. The investment cost affordable to farmers for the 
RSSD is estimated at PHP46,OOO.OO 

4. As drum speed decreases from 80 revolutions per 
minute, grain flowrate increases up to its peak at 
50 rpm, then decreases again as drum speed con
tinues to decrease down to 35 rpm. A I tlhour 

5. 

input capacity can be obtained with 50 rpm drum 
speed and 14.2 % moisture content of the paddy 
The optimum drying air temperature for the RSSD 
was in the range 50-170°C. With this drying air 
temperature and a 37 m3/minute airflow, the 
resulting moisture extraction was only 2.1 %. 
When an airflow of 57 m3/minute was used, the 
resulting moisture extraction increased to 3.9 %, 
without significantly affecting grain quality. 

6. Based on the conclusions drawn from the drying 
experiments conducted, the prototype model of 
the farm flash dryer must be operated with a fully 
open loading hopper. The drying air temperature 
to be used for flash drying paddy at 1 tlhour flow
rate must not exceed 150-170 cC. 



Figure 7. The prototype model of the rotary semi-fluidised system dryer. 

7. The total material cost of the dryer developed was 
PHP42,927.50. The drying cost can be ascer
tained only after pilot testing of the technology. 
This has yet to be done. 
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8. Further studies should also be done to investigate 
the possible use of the dryer in drying crops other 
than paddy, such as maize and other cereal grains, 
soybean , and mungbean. 



Chilled Aeration/Storage of Grain in Southeast Asia 

F.W. Bakker-Arkema*, D.E. Maiert, and A. Sebastianelli§ 

Abstract 

The storage of grains under tropical conditions requires close supervision. This is true even for grains dried 
properly and unifonnJy to 13-14% moisture content. A major problem is the resistance of the major grain 
pests to the few chemicals still permitted for use. Grain chilling may be a solution to this problem. 

Thailand and Malaysia are among the countries in the Southeast Asian region in which grain chillers are 
operating successfully. Indonesia. the Philippines, and Vietnam are researching the new technology and are 
expected to adopt on a limited scale the chilled aeration/storage of grains in the near future. 

Experience with commercial grain chillers in the tropics has thus far shown the following: 
• A chilling unit can maintain a constant temperature and relative humidity of the air entering a grain bin 

regardless of the ambient conditions. 
• The cool-down of a bin of grain is a rapid process, and thus a chiller can be used for a series of bins. 
• The re-chilling of grain by chilled aeration is required relatively infrequently due to the favourable ther

mal properties of the grain. 
• The electrical energy use of long-term chilled-grain storage is low. 

* Department of Agricultural Engineering, Michigan State 
University, East Lansing, MI 48823, USA. 
Department of Agricultural Engineering, Purdue Univer
sity, West Lafayette, IN 47907, USA. 

§ Uniblock Zanotti Co. Ltd, 40629 Suzzara (Mantova), 
italy. 
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Promoting Grain Storage Technology and Best Practice 
through Short Courses 

R.J. Banyer* and J.B. Kentt 

FOR businesses to remain competItive and sustain 
profitability, staff must possess the competencies 
required to carry out best practice. One significant 
impediment to staff development is the lack of suita
ble or accessible training of high quality. Educational 
institutions have an important role to play in the pro
vision of such training. 

Over the past six years, Charles Sturt University, a 
nationally and internationally recognised provider of 
distance education, has successfully conducted an 
industry short course dealing with all aspects of pres
ervation of grain quality in storage. Emphasis is given 
to promoting the latest technology in the protection of 
stored grain. The course, based on self-paced learning 
on-the-job, attracts supervisors and operators of grain 
storages throughout Australia. Industry leaders serv
ice a follow-up skills training workshop and field 
excursion. Modified for Asian conditions, the course 
could service specific training needs of internationals. 

Course Structure and Mode of Delivery 

The course has two main parts: 
• a knowledge component presented in a manual 

form designed for self-paced learning at home; and 
• a practical component presented by visiting 

experts, either in Australia or off-shore. 

Course Requirements 

Total time required to complete course require
ments will vary according to an individual's pro
gram. 

• Assessment oflearning outcomes is based on open
book questions submitted as assignments. 

* Consultant, Vocational Education and Training. P.O. Box 
561. Wagga Wagga, New South Wales 2650. Australia. 
School of Agriculture, Charles Stur! University-Riverina, 
Wagga Wagga, New South Wales 2650, Australia. 
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Assessment of the practical component is con
dueted immediately following each discrete ses
sion. 

• The cost for course tuition will vary according to 
an individual's training program and location of the 
practical component. 

• Sources of financial assistance are currently under 
review. 

Award 

• A Charles Sturt University Certificate of Achieve
ment detailing competencies gained is issued on 
completion. 

Main Features of the Course 

• Quality learning materials are presented in a user
friendly format. 

• Modules are designed for self-paced study at home. 
• The course is structured and delivered to suit indi

vidual specific training needs. 
• Expert instruction and personal tuition are provided 

for practicals. 
Learning materials are supplemented with up-to
date technical references including visual aids. 

• A University Certificate of Achievement is 
awarded. 

• The main topics of study are presented as discrete 
but interrelated modules. 

Course Content 

Participants may select a program of training from the 
following main areas: 
• Grains industry in perspective-an overview of 

organisational structure, marketing and standards. 
• Storage types and systems--design, maintenance, 

problems, and modifications. 
• Grain characteristics and behaviour in storage. 



Hygiene and sanitation-first line of defence-prin
ciples and practices. 

• Grain pests-vertebrates and invertebrates-prob
lems eaused, characteristics, identification and 
control; resistance management. 

• Grain quality monitoring and standards-inspec
tion and detection methods, sampling theory and 
practice, quality assessment and testing, identifica
tion of grain defects and contaminants; mycotoxins. 
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Controlled atmospheres, drying, aeration, and 
refrigeration. 

• Fumigants and fumigation . 
• Grain protectants--choice; strategic use; appliea

tion; safety and regulation. 
• Integrated management programs-total quality 

management strategies; integrated pest manage
ment. 

• Occupational health and safety. 



Rice Hull Furnaces for Paddy Drying: the Philippine Rice 
Research Institute's Experience 

E.U. Bautista, R.E. Aldas, and E.C. Gagelonia* 

RICE hulls constitute 14-26% of the harvested weight 
of paddy. With the current annual Philippin.e paddy 
production of around 9 Mt, some 1.8 Mt of rice hulls 
are produced each year. Although some of the hul~s 
produced by small rice mills are use? as d~mes.ttc 
fuel or as a livestock feed (when mIxed with nee 
bran), vast quantities of husks are not utilised and are 
disposed of in vacant areas or along roadsides. 

The energy content of rice hulls ranges from 14 to 
16 MJ/kg (6000--6800 BTU/lb); a tonne of hulls is thus 
equivalent to about 84 gallons of heating oil having 
140,000 BTU/gal (Beagle 1978). In the Philippines, 
the best potential use for rice hulls, aside from domes
tic fuel, is in paddy drying. Paddy drying is commonly 
accomplished by a combination of field and di~ect 
solar drying on a pavement or open road. MechanIcal 
drying is employed when the harvesting occurs during 
the monsoon season. Most millers using batch dryers 
fire them with kerosene furnaces, but are beginning to 
shift to rice-hull-fired furnaces due to cost constraints. 
Other sophisticated dryers of several private traders! 
millers in the country are equipped with rice-hull-fired 
boilers which generate steam for drying. 

This paper discusses the rice-hull furnaces adopted 
by the Philippine Rice Research Institute (PhilRice) 
in its dryer studies, their performance when fitted to 
dryers, and the dissemination work conducted to pop
ularise and commercialise the dryers and furnaces. 

Furnace Designs and Drying 
Performance 

There is already available in the country a widc range 
of furnace systems designed for the direct combus
tion of rice hulls. PhilRice adopted three furnace 
designs in its paddy-drying studies and is in the proc
ess of refining one design for dissemination of dryers 
in the country. 

* Rice Engineering and Mechanisation Division, Philippine 
Rice Research Institute, Maligaya, Muiloz 3119, Nueva 
Ecija, Philippines. 
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1. Grate-type furnaces 

The first design utilised in flat-bed dryers is the IRRI 
BD-2 flat-grate furnace (Fig. 1) which is an up-draft 
type, flat-grate, rice-husk furnace. It consists of a hull 
feeding component, a combustion chamber, and an ash 
precipitation chamber. It is simple in construction and 
operation. The air for combustion, is supplie~ by ~h.e 
suction of the dryer fan, while the fuel supply IS faclh
tated by the vibration of a feeder connected by a wire 
to the fan shaft. At a feed rate of IO kg/hour, furnace 
efficiency is 68-70% (IRRI 1979). However, it ~as 
incomplete combustion and inefficient ash separatIon 
so that ash and sparks are partially sucked by the fan 
into the dryer plenum (phan Hieu Hien 1993). 

Similar to the flat-grate furnace is the inclined 
grate furnace design (Fig. 2) from t~e University of 
Agriculture and Forestry (UAF) , VIetnam and was 
based on the IRRI design. It has similar performance 
to that of the IRRI furnace but has more durable steel 
parts than the former. particularly the grate, which is 
made of mild stecl. At 34 kg/hour rice hull feed rate, 
the drying air temperature at the plenum could ranged 
from 40 to 54.3°C, with a 484 to 509°C exhaust tem
perature; with a higher feed rate, drying air tempera
ture can be pushed up at 80°C. Efficiency ranged 
from 48.4 to 86.1 %. Combustion takes 10-20 min
utes and is characterised by the production of much 
smoke. The hopper needs to be loaded with husks 
every 10-15 minutes. Once ignited, combustion is 
maintained while there are rice hulls. The ash has to 
be manually raked from the furnace. 

Technical evaluation of the performance of the Viet
nam-adapted 6 tJbatch MaJigaya flat-bed dryer (with 
concrete bin) using the inclined-grate furnace was con
ducted in Nueva Ecija and Davao del Norte, in order to 
establish parameters for its optimum operation. Para
meters such as grain depth, fan speed, and drying air 
temperature werc examined to determine their effects 
on drying rate, uniformity of moisture content, milling 
and head rice recoveries, and germination rates. 
Results (Table 1) indicate that the improved dryer per
formed best at 26 to 34 cm grain depth, and maximum 
air temperatures of 43 and 47°C for seed and milling 



purposes, respectively. Fan speed had no significant 
effect on headrice yield and gennination. 

Other problems fornlerly associated with earlier 
flat-bed dryer designs-such as the need to mix the 
grain during drying and the excessive moisture gradi
ent between top and bottom grain layers--could be 
avoided because of the UAF dryer's efficient fan and 
if the recommended grain depth was adhered to. With 
systematic management of operations, even unload
ing problems could be minimised. However, the 
operator could be exposed to heat from the furnace, 
especially as rice hulls have to be loaded and ash 
removed every 10 to 15 minutes. 

At present, PhilRice is refining or testing other 
designs to go with future installations of flat-bed dry
ers. The modifications are focusing on better ash sep
aration (which causes the dryer's perforated screen to 
be plugged with continuous use), lighter weight (for 
mObility), better durability, and lower cost. The U AF, 

Vietnam has recently developed an improved furnace 
using an inclined grate with a more efficient cyclonic 
ash separation (Fig. 3). This was to be tested during 
the 1995 wet season. 

2. Combustor furnace 

Another design tested for batch drying and later 
commercialised for flash drying is the gasifier com
bustor designed by the Industrial Technology Devel
opment Institute (ITDI) for brick kilns. Its 
components include an air delivery and metering sys
tem utilising a separate blower, fuel inlet and hopper, 
which is actually the topmost section of the reactor, 
the reactor, and the grate-ash removal system at the 
lowest section (Fig. 4). It operates on the principle of 
an open-core, batch-type gasifier. Air from a separate 
blower flows downward through the fuel bed. The 
gasified products are burned to produce a bluish-to
light orange flame at the lower exhaust port. 

Ambient air 

<l <l <l 
To blower Hot air 

Ash port plug 

Return spring 

Vibrating feed grate 

Vibrating link 

Connecting cable 

Eccentric on fan shaft 

-Hr-_ Vibrating teed grate 

--'18--- Leaf spring 

-t--it+-- Refractory brick 

Vibrating link 

Figure 1. Schematic diagram of the IRRI BD-2 flat grate furnace (IRRI 1979). 
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Table 1. Results of drying tests at different grain depth. fan speed and drying air temperature for the Maligaya 6-ton flat-bed dryer-cum-inclined grate furnace. Philippine Rice 
Research Institute. 1994 wet season. 

Test no. PBD! FRD2 FBD3 FBD4 FBDS FBD6 FHD7 FBDS FBD9 FBDIO 

Date 26 70c!. 100c!. 11 Oct. 250ct. 4 Nov. 10 Nov. 23 Nov. 24 Nov. 26 Nov. 

Crop conditions 

Variety lR64 Rc14 BPIRilO BPIRilO IR72 Mix Mix Burdagol Burdagol Burdagol 

Initial moisture content, % 23.2 22.5 22.5 22.9 22.7 17.5 17.5 22.3 18.6 25.1 

Finalm.c .• % 15.3 14 14.1 13.4 I3.S 12.3 14.2 13.8 12.7 13.8 

. Initial weight, t 4.75 3.50 2.92 4.79 4.80 4.22 4.41 5.09 3.30 3.61 

Final weight, t 4.31 3.15 2.63 4.26 4.30 3.97 4.24 4.59 3.08 3.13 

Grain depth, cm 27.0 24.3 19.9 29.8 29.6 26.1 27.9 31.3 20.5 22.6 

Ambient conditions 

Temperature. QC 31 33.S 32 31 33 31 30 30 30 31 

Relative humidity, % 75 64 67 75 60 60 56 80 75 72 

N 
VI Drying results VI 

Drying air temp., °C 43 43 41 43 51 49 43 49 49 49 

Drying time, hours 3h45 3hoo 5h30 5hOO 4hoo 2h30 2h30 4hOO 2h45 3h30 

Drying capacity, kglhour 1149 1053 479 853 1076 1590 1695 1148 1119 895 

Top & bot tom m.c. diff, % 2.1 1.8 0.5 2.0 1.8 1.7 0.8 1.4 0.5 0.9 

Moisture removed, kg 443 346.4 285.5 525.5 495.6 250.5 169.5 502.5 223 472.8 

Drying rate, % m.c.lhour 2.1 2.8 1.5 1.9 2.2 2.1 1.3 2.1 2.1 3.2 

% m.c. reduction 7.9 8.5 8.4 9.5 8.9 5.2 3.3 8.5 5.9 1l.3 

Ricehull consumption, kg 145 105 137 160 130 65 55 150 100 115 

Feeding rate, kg/h 44.5 35.0 27.4 35.6 37.1 32.5 27.5 42.9 40 35.4 

Fan operation 

Speed, rpm 1750 1500 1450 1630 1620 1770 1770 1740 1610 1630 

Static pressure, mm H2O 19 16 15 17 17 20 20 22 15 15 

Airflow I"dte, m3/s_m2 0.22 0.19 0.195 0.19 0.19 0.22 0.22 0.21 0.22 0.22 

Airflow, m3/s 6.19 5.35 5.49 5.49 5.49 6.19 6.19 5.91 6.19 6.19 
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Figure 2. The UAF-designed inclined grate furnace (Tarn et al. 1995). 

Figure 3. Inclined grate furnace with cyclonic ash sepa
rator. 

The gas generated in the reactor has a heating value 
of 3000-4000 kJ/m3 with a conversion efficiency of 
70 to 80%. Ash is removed after every batch by tilt
ing the grate and manually scraping the ash out of the 
ash port. Phan Hieu Hien (1993) noted several fea
tures of this fumace as follows: simple construction, 
easy control of the heating rate, and the production of 
a clean-buming flame which is essential in direct
heat drying. 
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Exhaust 

Figure 4. The ITDI rice-hull gasifier-combustor (Gage
lonia 1993). 

The ITDI combustor could be coupled with a 2 t 
batch dryer for paddy seed drying. Because of the 
high heat generated at the exhaust (360-500°C), 
however, it is necessary to use an expansion duct 
between the fan and the plenum and to install and 
regulate a baftle plate at the exhaust to reduce the 
drying air temperature to 40 to 50°C. With such an 
arrangement, the drying system efficiency ranges 
from 20 to 31 .4%, depending on the grain depth at the 



bin, at an airflow rate of 0.8 m3tsec and static pres
sure of 20 to 26 mm water. An average moisture 
reduction of 1.3 to 1.5%/hour, equivalent to 20--31 kg 
water removed per hour, was obtained during tests. 

Because of its capacity to generate high-tempera
ture drying air, the ITDI combustor was also recom
mended to a manufacturer to be coupled to the 
NAPHIRE flash dryer design. Tests indicated a dry
ing air temperature within the plenum chamber from 
80 to 90°C; this temperature could be attained within 
15 minutes after combustion. Drying rate (from 27.9 
to 19.0% m.c. grain) was 9%/hour at a plenum air 
velocity of 0.6 mJsecond. 

The main problems with this system are its slow 
ignition (which can take from 30-60 minutes with 
some units) and the excessive smoke produced, which 
is directed at the drying bin during ignition. Also, 
being a batch-type furnace, it could pose a problem for 
unskilled operators in a continuous drying system. 

3. Zeta furnace 

The latest design developed in collaboration with 
lRRI and GTZ is the Zeta furnace which is designed 
for low-temperature drying systems. Low-tempera
ture drying is a process which utiliscs either natural 
air or air heated by only a few degrees (6 to 9 K 
above the ambient temperature) for drying, depend
ing upon the ambient relative humidity. Unlike the 
other drying methods which use drying air tempera
ture of around 43°C or higher, low temperature dry
ing is a slow process which takes 7-15 days or more 
depending on the wcather. It is also referred to as in
storage drying since the same bin can be used for 
both drying and storing. Its advantages over high 
temperature drying include modest investment, mini
mum energy consumption and labour requirement, 
and uniform drying (MuhlbaUer et al. 1992). 

Figure 5. Schematic dia
gram of the Zeta 
furnace for low
temperature dry
ing (Aldas el al. 
1995). 

hot air outlet 

ash discharge port 
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The furnace designed for such a system (Fig. 5) is a 
box-type, with an air-sweep floor inclined at 30°, 
similar to the inclined-grate system. The air-sweep 
floor was a sheet of metal with rectangular shaped 
slits where air passes to convey the rice hulls. On the 
lower side of the floor is a rectangular opening which 
leads to a cyclonic compartment where the ash falls 
to the bottom and is separated from the heated air 
which is sucked into the dryer by the dryer fan. Dur
ing operation, the hot air, together with the ash, are 
conveyed to the second compartment through the 
combined action of air-sweep floor, gravity, and suc
tion from the blower. It uses a feeding system which 
is adapted from the Colombian furnacc. 

Tests of the furnace with a 5 tlbatch in-store drying 
bin indicated that, at a feeding rate of 4 to 10 kg/hour, 
the furnace had burning efficiency of 90-95% and 
drying air efficiency of 40-80%. Drying tests 
resulted in the desired moisture reduction and better 
milling recovery and germination capacity compared 
with shade-dried samples (Table 2). The dried grain 
was observed to be clean, which indicated that the 
furnace had been effective in burning the rice hull 
and in separating the ash from the heated air. The fur
nace was also capable of maintaining a nearly uni
form fuel bed. No accumulation of a thick layer of 
rice hull was observed. Thus, there was uniform dis
tribution of air throughout the rice husk fuel mass 
which led to better performance compared with other 
existing designs. 

Aldas et a). (1995) noted several advantages of the 
Zeta furnace, including its compactness, lightweight 
design, and continuous automatic feeding of rice hull 
with its piston mechanism. However, the furnace is 
still in prototype stage and will have to be adapted 
together with the in-bin drying storage system in the 
country. 

rice hull hopper 

perforated floor 



Table 2. Summary of drying data for 5-ton in-bin dryer and storage system using Zeta fumaee. 

Test no. 

Date and time begun 

Date and time ended 

Duration, h 

Bulk depth, m 

Crop data 

Variety 

Initial weight. kg 

Initial moisture content, % 

Operation 

Motor power, hp 

Blower operating time, h 

Air velocity, mls 

Static pressure, Pa 

Airflow power, W 

Energy delivered. kWh 

Energy used, kWh 

Furnace operating time, h 

Increase in temperature, K 

Fuel consumed, kg 

Fuel consumption rate. kglh 

Heat available, MJIh 

During furnace operation 

Average relative humidity, % 

Drying air temperature, °C 

Air density, kg/m3 

Heat supplied, MJ/h 

Results 

Final weight, kg 

Final moisture content, % 

Water removed, kg 

Drying rale, kgH20/h 

Motor and blower efficiency. % 

Drying air efficiency. % 

Spec. energy requirement, kWhlkgH20 

Source: Aldas et al. (1995). 

Furnace and Dryer Dissemination at 
PhilRice 

PhilRice, in its dryer research and dissemination 
activities, focused only on tapping dryer designs and 
models which could be fitted with rice-hull furnaces 
rather than kerosene burners for economy purposes 
and which local adopters seem to prefer. 

2 3 

16 Mar., 1135 20 Apr" 1545 28 Apr., 1545 

28 Mar., 1100 26 Apr" 1100 4 May., 1520 
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287.4 142.3 143.6 

2.2 2.0 1.7 

841 Sinandomeng PSBRC 10 

6135.6 5923.0 5615.0 

28.8 19 22 

3 3 3 

136.2 88.6 84.2 

0.09 0.11 0.13 

600-700 450-550 400-500 

327.6 308.0 327.6 

44.6 27.3 27.6 

410.9 209.0 255.1 

40.97 17.25 17.88 

10 13 1I 

127.9 61.5 59.0 

3.12 3.57 3.30 

44.038 50.305 46.560 

80 75 80 

35 40 38 

1.119 1.101 1.107 

20.466 31.994 32.169 

5034.4 5297.2 4787 

13.1 11.8 12 

1101.2 625.8 828 

3.83 4.40 5.77 

10.86 13.06 10.82 

46.47 63.60 69.09 

0.828 0.719 0.587 

Since total investment cost is also one of the con
straints in the wide adoption of dryers in the coun
try, another strategy PhilRice has adopted is to 
encourage farmers and traders adopters to construct 
some of the parts of the dryers to further reduce the 
cost (following PhilRice specifications). This is one 
major reason for the adoption in the design of a con
crete bin (utilising hollow blocks and cement) 
which ordinary farmers can construct or which oth-



ers may already have (Le. pig pens that could be 
converted during periods when drying is needed). 
The use of existing prime movers, normally diesel 
engines from hand tractors, is also being encour
aged to further reduce farmer investment. Thus, 
only parts such as fan assembly, furnace, and the 
perforated screen are purchased at the recom
mended PhilRice cooperators. 

In the dissemination of the MaJigaya flat-bed dryer 
design, the following are important aspects being 
considered: 
J. Training operators is an important component of 

dissemination that must always accompany 
installation of new dryer set-ups. At PhilRice, 
this training includes familiarisation with drying 
procedures and furnace operation, adjustment 
procedure for drying temperature, briefing on 
critical factors such as effect of temperature, and 
moisture content determination. 

2. Technical assistance in the construction and man
ufacture of dryer components and in the initial 
operation. With the 6 t flat-bed dryer, assistance 
is needed in the construction of the furnace and in 
provision of jigs for the construction of the fan 
assembly. Testing of every set-up is also part of 
the dissemination strategy in order to monitor the 
performance of newly-installed set-ups in the 
sites, as well as assuring adopters of the presence 
of technical assistance. 

3. Monitoring of the performance of the dryer is an 
important component of dissemination in order to 
determine if adjustments are needed, to meet 
problems. and to assure users of its good per
formance. 

Factors to be considered in the introduction of fur
naces include: 
I. Time taken for ignition/combustion. Normally, 

operators and dryer users are particularly inter
ested in the time for ignition for such rice-hull 
furnaces, especially if this time is characterised 
by exposure of the operator to heat and excessive 
smoke. To shorten ignition time, training for 
operators should be included in the dissemination 
of the system. 

2. Smoke generation. Smoke during ignition cannot 
be avoided, but it is important that it be mini
mised and not directed to the grain in the bin to 
prevent any undesired odour in the product which 
may, in turn, reflect poorly on the whole system. 

3. Continuity of feeding. Farmers normally prefer 
rice-hull furnaces (and dryers) which can be oper
ated continuously for maximum efficiency and to 
minimise ignition. This is one constraint of the 
gasifier4:ombustor which has to be fed and 
cleared of ash in batches (although ignition is a 
lot faster with succeeding batches). 
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4. Temperature control. Because of varying paddy 
condition and desired operating requirements for 
the paddy output, e.g. seed drying, it is essential 
that furnaces should have some degree of control 
of temperature output. It is important that every 
dryer installed be fitted with a temperature gauge. 

Strategy of promotion 

With the flat-bed dryer cum inclined grate furnace. 
During the initial promotion activities, the target 
group was the seed growers and cooperatives who 
could afford the dryer and who have an incentive for 
drying. Initial information dissemination activities 
included the following: 
• print material development and dissemination (bul

letin, leaflet); 
• video development (with an NGO and Philippine 

Channel 5) and a feature shown on TV; 
• promotional briefings and actual demonstration 

(whenever practical) during seed grower trainings 
and farmer visits which are regularly done at 
PhilRice; and 

• custom drying at PhiIRice to make seed growers 
in the adjacent community aware of its advan
tages. 
The focus of PhilRice at present is to set up demon

stration units for each of the 14 regions of the coun
try. It is expected that with actual units operating in 
the sites, farmers will become more aware of the 
improved flat-bed dryer. 

In addition, PhilRice has chosen the Maligaya flat
bed dryer design for equipment loan (without inter
est, 5 years to amortise on seasonal payments) to 
farmer cooperatives and paddy seed growers. The 
loan program has already started with the promotion 
of the technology to regional and local extension 
engineers in the country. 

With the combustor coupled with the flash dryer. 
Another agency. N APHIRE, does the dissemination 
of the flash dryer-cum-combustor (in addition with 
other commercial furnaces) which was linked by 
PhiIRice to one cooperating manufacturer who has 
mass produced the system. NAPHIRE has included 
the flash dryer with combustor in the Department of 
Agriculture's Grain Production Enhancement Pro
gram which selects farmer cooperatives for grants or 
loans in the fonn of postharvest equipment such as 
the dryer. 

In commercialising the dryer-cum-gasifier, one 
concern being attended to by the manufacturer is the 
need to closely monitor the quality of mass-produced 
combustors (and dryers), which is perceived to be a 
constraint to wide acceptance, and the follow up 
training of cooperative operators. Another concern is 
the reduction of its ignition time, which with earlier 
prototypes took at most 15 minutes only but now 
takes up to I hour. 



Local adoption 

The dryer is being promoted to adopters who 
finance the whole dryer but with technical assistance 
from PhilRice. 

The adoption of the dryer has peaked this season, 
with new installations in Northern and Central 
Luzon. Southern Tagalog, and Mindanao. There are 
several units that were installed last year by two seed 
growers, one local government unit (for demonstra
tion). and one university (for commercial seed pro
duction). The university unit is also being used for 
seed maize drying while another local government 
unit, located in the middle of large banana planta
tions, was used on one occasion for drying banana 
chips (one farnler entrepreneur is planning to set up 
the same dryer solely for such purpose). 

New installations are being made this season for 
private paddy traders (three units with one for both 
paddy and maize), two farmer cooperatives (one 
plans to explore its use for copra drying also), three 
progressive farmers, and two other seed growers. 
Inquiries are still pouring in this season. Because it is 
still the cheapest available dryer (in terms of invest
ment costJunit of paddy) and the simplest to operate 
and maintain, it is expected that the design will con
tinue to become popular in the coming years with 
careful introduction from PhilRice. 

Summary and Conclusions 

Rice hulls offer the best fuel potential for paddy dry
ing during the wet season harvesting in the Philip
pines. Several rice-hull furnaces were adapted and 
modified at PhilRice for this purpose. The inclined 
grate furnaee, a modification of the IRRI BO-2 fur
nace, coupled to a 6 t capacity flat-bed dryer, has a 
feeding capacity of about 35 kg!hour and furnace 
efficiency of 50 to 80%. 

The ITDI gasifier combustor, adapted for flat-bed 
drying and flash drying, operates on the principle of 
downdraft gasifier and, with a feed rate of 40 kg of 
rice hulls per batch, can generate heat output of 
200,000 kJ/hour. Coupling with a 2 t flat-bed dryer 
resulted in a drying air temperature of 40 -45°C and 
drying air efficiency of 20-31 %. 
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The Zeta furnace jointly developed with IRRI for 
low-temperature drying operates on the principle of 
thin layer of combustion. Its feed rate of 3-10 kg! 
hour resulted in a burning efficiency of 90-95% and 
drying air efficiency of 40 -80% when coupled with a 
5 t in-bin drying and storage system. 

Adaptation and commercialisation of the first two 
furnaces for paddy drying have already been imple
mented and their increasing acceptance is encourag
ing. Numerous units have already been installed in 
various localities. Promotion of these technologies 
included information, demonstration in pilot areas, 
and training and technical assistance to prospective 
farmer owners. 

References 

Aldas. R.E .• Gummert. M .• Lantin, R.M., and Herrera, A. 
1995. Rice hull furnaces for low temperature drying. 
Paper presented at the 17th ASEAN Technical Seminar 
on Grain Postharvest Technology. 25-27 July 1995, 
Lumut. Perak, Malaysia. 

Beagle, E.C. 1978. Rice husk conversion to energy. Rome, 
FAO Agricultural Services Bulletin No 31. 

Gagelonia, E.C. 1993. Adaptive and optimization tests of 
the Industrial Technology Development Institute (lTDI) 
rice hull combustor for palay drying. Unpublished MS 
thesis. Central Luzon State University, Munoz, Nueva 
Ecija. 

IRRI (International Rice Research Institute) 1979. Rice hull 
furnace development and testing. In: Annual Report for 
1978. IRRI. Los Banos, Laguna. Philippines, 429-430. 

Muhlbaiier, W., Maier, G., Bergotz, T., Esper, A .. Quiek, 
G.R., and Mazaredo, A.M. 1992. Low-temperature dry
ing of paddy under humid tropical conditions. In: Pro
ceedings of the International Agricultural Engineering 
Conference. Asian Institllle of Technology. Bangkok, 
Thailand, 7-10 November 1992. 

Phan Hieu Hien 1993. Rice husk combustion systems for 
crop drying. Unpublished PhD Dissertation, University of 
the Philippines, Diliman, Quezon City. 

Tarn. N.H., Gagelonia. E.C., Regal ado, MJ,C., and 
Bautisla, E.U. 1995. Optimizing the performanee of the 
Maligaya flat bed dryer. Paper presented at the 8th 
National R&D Planning Workshop, Philippine Rice 
Research Institute, Munoz, Nueva Ecija, 1-3 March 
1995. 



Drying Maize and Maize Seed in Vietnam 

Bui Huy Thanh and Le Doan Dien* 

IN recent years, maize production in Vietnam has 
expanded, especially hybrid maize. Drying maize 
and maize seed are urgent problems in Vietnam 
because the crop is harvested in the rainy season, 
and dryers have not yet been accepted by farm
ers. 

Our research has sought to determine the most 
suitable practical designs of facilities for farmers 
drying maize and maize seed. In this paper, we 
present some designs of Hat-bed dryers for maize 
and maize seed. These dryers are locally manufac
tured and were installed at 15 locations in the north 
of Vietnam in 1995. 

The capacity of flat-bed dryers for maize on the 
cob is 45 t per batch and for grain is 25 t per batch. 
The drying bin is made of brick, timber, and bamboo. 
The perforated floor is made from timber and bam
boo. Coal was used as fuel for the burner. 

* Post Harvest Technology Institute. Hanoi, Vietnam. 
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The airflow rale was 660 m 3/t.hour with a drying 
air temperature of 38-42°C. The fan was driven by a 
20 kW electric motor. It took 62-70 hours to dry cobs 
from 32-35% moisture content (wet basis) to 18%, 
and 50 hours 10 dry grain from 18 to 10.5% m.c. The 
drying cost was about US$3.30/t of seed. Total 
investment for this dryer was about US$ I 700. 

A flat-bed dryer for maize grain with an airflow 
rate of 1250 m3/t.hour took 4 hours to dry maize 
from 19 to 14% m.c. at a drying air temperature of 
7S·80°C. Specific energy consumption was about 
7.29 MJ/kg water evaporated. Drying cost was 
US$I.80/t. Total investment was about US$ll 00. 

These dryers, with their low operating cost and low 
initial investment have been accepted by farmers for 
drying maize and maize seed, especially by the small
scale private sector and seed-processing plants in 
Vietnam. 



Commercialisation of a Mobile Flash Dryer 
for Farmer Cooperatives 

Manolito C. Bulaong, Renita Srn. Dela Cruz, and Silvestre C. Andales* 

DRYING of wet grains has been a problem besetting 
the Philippines' postharvest industry. Farmers and 
other sectors in the industry often suffer because of 
failure to immediately dry wet season crops. This is 
because the peak of the harvest season coincides with 
the rainy months when sun drying cannot be 
depended on. 

Mechanical drying offers an alternative for drying 
grains, especially during uncertain weather condi
tions. However, the practice did not gain ready 
acceptance, for reasons such as the high cost of fuel 
and other operating expenses, incompatibility of 
dryer operation to the volume of paddy to be dried, 
and the lack of knowledge on dryer operation and 
maintenance (Cardino et al. 1989). To address this 
problem, the National Postharvest Institute for 
Research and Extension (NAPHIRE) and the Aus
tralian Centre for International Agricultural Research 
(AClAR) collaborated to develop a drying technol
ogy-the mobile flash dryer (MFD)-that will be 
accessible and compatible with the level of opera
tions on farms. 

Technology Generation 

A -project funded by ACIAR and conducted by 
NAPHlRE resulted in the development of a two-stage 
drying strategy using the 'flash drying' technique in 
the first-stage, and in-store drying in the second-stage 
(Tumambing and Bulaong 1988). This technique 
dries the paddy to a more manageable moisture con
tent (m.c.) of 18% using high drying air temperature, 
enabling fast drying rates and more efficient heat 
energy utilisation. At this moisture level, paddy can 
be stored for about three weeks, allowing enough 
time to wait for either the availability of sunlight for 
sun drying or for the second-stage of mechanical dry
ing to completely dry the grains to 14% m.c. 

* National Postharvest Institute for Research and Extension, 
CLSU Compound. Muiioz. Nueva Ecija, Philippines. 
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In 1990, a prototype batch-type model of a mobile 
flash dryer (MFD) was developed and, after prelimi
nary field tests and using feedback from farmers, an 
improved model was built in 1991. The enhanced 
model is a continuous-flow type with cooling and 
heat recycling systems and an elevator to facilitate 
loading of grains. After a satisfactory result from the 
pilot testing, the technology was promoted and com
mercialised in 1992 (Bulaong et al. 1992). 

Improvements were further identified in the contin
uous-flow type model at its early commercialisation 
stage. All possible design improvements were intro
duced to some of the cooperating manufacturers who 
have the capability to do machinery design and devel
opment. As a result, the continuous-flow flash dryer 
underwent further improvements from the cooperat
ing manufacturers. Thus, a model with enhanced 
overall performance and versatility is now available. 

The latest model can be used as a flash dryer or as a 
recirculating batch dryer heated by either a pot-type 
kerosene burner or a rice-hull furnace. 

Technology Package 

Features and components 

The MFD allows on-farm and off-farm drying of 
paddy. Its main components are (see also Fig. I): 
• rice-hull furnace-used for stationary drying oper

ations; 
• kerosene burner-used as an auxiliary burner for 

mobile drying operations; 
• centrifugal blower-powered by a 5 h.p. gasoline 

or diesel engine; 
• drying section--composed of an upper and lower 

drying section with heat recycling mode; 
• cooling system--cools the grain before discharge, 

and recycles heat into the drying section; 
• loading system--composed of a loading hopper 

and a bucket-type elevator; 
• unloading system--oscillating hopper; 
• recirculating chute-recycles undried grain back to 

the drying section. 



Figure 1. Schematic diagram of the Mobile Flash Dryer showing the principal components. (I) kerosene burner; (I a) rice
hull furnace; (2) engine; (3) centrifugal blower; (4) upper drying section; (5) lower drying section; (6) cooling 
section; (7) loading hopper; (8) elevator; (9) unloading hopper, and; (10) pneumatic tyre, 

The dryer is simple in construction and uses locally 
available materials. This makes its cost relatively low 
and it can be fabricated by local manufacturers, Table 
I presents the design features and specifications of 
the dryer. 

Principles of operation 

Flash dryer. The wet paddy is continuously fed 
from the loading hopper and is subjected to tempera
tures of 80-90°C for 15-20 minutes. As the grain 
passes through the drying column, heated air crosses 
both sides of the grain column, outwards in the upper 
section, and inwards in the lower section (Fig. 2). 
This minimises the moisture content gradient com
mon to high temperature drying, The grain is cooled 
in'a cooling section before being discharged at the 
unloading hopper. Heat retrieved in the cooling sec
tion is recycled to the drying section, resulting in 
more efficient heat utilisation. Grain is fed into the 
dryer continuously, at the same time as semi-dried 
grain is being discharged. 

Recirculating batch dryer. Wet grains are continu
ously recirculated into the drying bin until semi-dry 
or dry. Flash drying using drying temperatures of 80-
90°C is applied to grains with an initial moisture con
tent above 18 %, When drying grains of 18-19% m .c., 
the drying temperature is reduced to 4O-60"C. When 
drying from 18 to 14% m.c., exhaust air from the 
lower drying section can be optionally recycled to the 
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system, resulting in greater heat efficiency in the dry
ing operation. 

Dryer operation 

The dryer is powered by a 5 h.p. gasoline or diesel 
engine or a 2 kW electric motor which drives the 
blower, bucket elevator, and the unloading hopper. In 
operation, the grain is fed into the unloading hopper 
where it is picked up by the bucket elevator and 
poured into the drying column at a rate of at least I tJ 
hour. Once the drying column is full, the engine is 
temporarily shut off to allow firing of the kerosene 
burner or rice-hull furnace for 5 or 15 minutes, respec
tively. Wilh a steady flame from the burner or furnace, 
the engine is again started and the blower is engaged. 
The blower is set to operate at 2500 rpm. 

The fuel feed rate is increased until the desired dry
ing air temperature is reached, as indicated by a dial 
thermometer placed along the hot air duct. The 
required drying temperature depends on the initial 
moisture content of the paddy 10 be dried. When used 
as a 'flash dryer' (drying wet paddy to 18% m.c,) the 
air temperatures used for paddy with various ranges 
of moisture content are as follows: 80--90°C for 25-
30% m,c. (very wet); and 70--80°C for 23--24% m.c. 
(wet). Drying 18-20% (skin dry) paddy to 14% m.c. 
will require 4O--60°C. When drying paddy for seed, 
the temperature should not exceed 43°C for all mois
ture content levels. 



Table 1. Design features and specifications of the mobile flash dryer. 

Type Continuous flow or recireulating batch 

Height 2.5 m (without elevator) 

3.5 m (with elevator) 

Width 

Length 

Drying bin 

Capacity 

Power requirement 

Heating system 

Blower 

Temperature indicator 

Elevator 

Engine (fuel) consumption 

Burner (fuel) consumption 

Labour requirement 

Other features 

grain 
buffer 

upper 
drying 

section 

lower 
drying 

sectioo 

cooling 
section 

grain recycling 
chute 

1.0 m grain bin only 

1.5 m including wheels 

3.0 m overall length 

1.25 m bin only 

Vertical, columnar mixing type with heat recycling system 

10-12 cavans (I cav = 50 kg) of palayfhr at 70-80°C at 6% moisture extractionfhr 

Minimum 5 h.p. engine 

Evaporating pot-type kerosene burner or rice-hull furnace 

Centrifugal backward inclined, 3000 CFM at I" stat. pressure 

Dial thermometer 

I tlhr, bucket-type 

1.2 to 1.5 litres regular gasoline/hr 

3-4 litres kerosene/hr at 70-80QC 

18-20 kg/hr rice hulls at 80-90°C 

At least 3 persons 

a) Exhaust air recycling system 

b) Cooling section 

c) Grain recycling system 

elevator 

loading 
hopper 

The grain can be automatically recycled to the dry
ing column if the required final moisture content has 
not been reached. This is done by closing the unload
ing hopper and diverting the grain back to the eleva
tor by means of an oscillating sliding chute. For 
recirculating or multi pass operation, the drying air 
temperature is correspondingly decreased as the grain 
moisture content decreases. 

Once the desired moisture level is reached, the 
unloading hopper is opened slowly to start discharg
ing the grain. The retention time of the grain inside 
the drying column can be controlled by the discharge 
rate. Discharge rate can be varied by means of a 
crank which adjusts the opening of the discharge 
hopper. 

Viable drying scheme 

The technology is cost-effective to operate as a 
two-stage drying scheme (MID + sun drying, or 
MFD + in-store drying). Using MID as the sole 
means of drying cuts its capacity by half and results 
in higher operating costs due to lower output. 

Economic returns 

Figure 2. Schematic diagram of the Mobile Flash Dryer 
drying column. 

The MID with a convertible kerosene burner and 
rice-hull furnace (because of its bulk, use of the latter 
necessitates operation of the dryer as a stationary unit) 
costs approximately PHPllO,OOO (during October 
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1995, ca 25 Philippine pesos (pHP) = US$I), including 
a 5 h.p. gasoline engine. Table 2 gives a cost and return 
analysis for the MFD considering two utilisation rates 
and based on a custom-drying scheme at a drying fee of 
PIW 12.00/cavan (1 cavan = 50 kg). The data indicate a 
reduced unit cost of drying and a correspondingly 
higher return on investment with an increase in annual 
utilisation rate. Using a rice-hull furnace, although it 
has a higher investment cost, results in the lowest dry
ing cost ofPHP5.51/cavan for 120 days use each year. 

The data imply that the operation of the technol
ogy will be more profitable in areas with relatively 
long wet seasons which will require a longer dryer 
utilisation. 

Table 3 illustrates the various options of a farmer 
in selling his paddy. He can either sell it wet, sell it 
dry using the MFD, or wait for the sunshine and risk 
deterioration. Using the MFD and sun drying combi
nation gives the farnler greater profit than selling wet 
or selling dry but damaged grain. 

Table 2. Cost-and-retum analysis of the mobile flash dryer at varying utilisation rates in drying paddy grain from 23-24% 
initial moisture content to 18-20% m.c. 

Rice hull furnace Kerosene burner 

60 60 

Annual capacity, cavansb 10,560 10,560 

Total investment cost, pesos 110,000 85,000 

Dryer unit 65,000 65,000 

Engine,S h.p. gasoline 10,000 10,000 

Dryer shed 10,000 10,000 

Rice hull furnace 25,000 

Total fixed cost, pesos/year 27,280 21,080 

Depreciation" 9,900 7,650 

Interest on average capital investedd 9,680 7,480 

Repair and maintenancee 5,500 4,250 

Taxes and insuranccf 2,200 1,700 

Total variable cost, pesos/year 44.576 83,016 

Labourg 26,400 26,400 

Rice huUh 1,080 38,400 

Gasoline' 14,400 14,400 

Miscellaneousi 1,256 2.376 

Oil and greasek 1,440 1,440 

Total drying cost, pesos/year 71.856 104,096 

Drying cost, pesos/cavan ($l/cavan) 6.80 (0.26) 9.86 (0.38) 

Drying fee, pesos/cavan ($/cavan) 12.00 (0.46) 12.00 (0.46) 

Total net income, pesos 54.863.60 22,598.40 

Return on investment. % 49.88 26.59 

2.00 3.76 

a Based on 16 hours/day operation 
b 50 kglcav at 11 cavanlhourcapacity from 23-24% initial m.c. to 18-20% final m.c. 
C Straightline method, 10% salvage value, 10 years life span 
d 16% interest rate per year 
e 5% of investment cost 
f 2% of investment cost 
g 3 persons at 2.50 pesos/cavan input 
h 20 kg/hour at 0.025 pesos/kg 

Rice hull furnace 

120 

21,120 

110,000 

65,000 

10,000 

10,000 

25,000 

27,280 

9,900 

9.680 

5,500 

2,200 

89,153 

52,800 

2,160 

28.800 

2.512 

2,880 

116,433 

5.51 (0.21) 

12.00 (0.46) 

137,007.20 

124.55 

0.80 

i I.5 litres at JO pesos/litre at 16 hours/day 
j 3% of labour and fuel cost~ (for towing and other incidental expenses due to variation of days of utilisation 
k 10% of gasoline cost 
I The conversion rate used was 25 pesos to US$I. 
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Kerosene burner 

120 

21,120 

85,000 

65,000 

10,000 

10,000 

21,080 

7,650 

7,480 

4,250 

1,700 

166,032 

52.800 

76.800 

28,800 

4,752 

2.880 

187,112 

8.86 (0.34) 

12.00 (0.46) 

66,316.80 

78.02 

1.28 



Table 3. Comparison of costs of various drying options during wet season harvest. 

Drying option Final Selling cost 
m.c." % pesos/kg ($/kg) 

I. Sell wet 24 4.0 (0.15) 

2. Sell dry but damaged 14 5.0 (0.19) 

3. Flash dry and sun dry 14 6.0 (0.23) 

4. Flash dry to 18% 18 5.5 (0.21) 

5. Flash dry to 14% m.c. 14 6.0 (0.23) 

a From initial moisture content of 24%. 
b From initial weight of 50 kg. 
C One cavan - 50 kg. 

Commercialisation 

Credit assistance 

The Land Bank of the Philippines (LBP) forged an 
agreement with NAPHIRE in 1991 for a credit assist
ance program to farmer cooperatives that wish to pur
chase NAPHIRE-designed improved postharvest 
technologies. LBP provides the financial resources 
while NAPHIRE gives the technical assistance to 
these cooperatives. 

Accredited manufacturers 

Recognising that cooperative development of 
machinery by both the research institution and the 
manufacturers is a highly effective method for suc
cessful technology development and transfer, 
NAPHIRE enlisted the participation of eligible 
machinery manufacturers in building the dryer. From 

Weight when Gross income Drying cost Net income 
soldb kg pesos/cavanc pesos/cavan pesos/cavan 

($/cavan) ($/cavan) ($/cavan) 

50.0 200.0 (7.69) 0 200.0 (7.69) 

44.2 221.0 (8.50) 10 (0.38) 211.0 (8.12) 

44.2 265.2 (\ 0.20) 16 (0.62) 249.2 (9.58) 

46.3 254.9 (9.80) 12 (0.46) 242.9 (9.34) 

44.2 265.2 (\ 0.20) 25 (0.96) 240.2 (9.24) 

among the 35 manufacturers who have signified 
their intention to build MFDs, NAPHIRE has 
selected and accredited 12 manufacturers (Table 4). 
Accreditation of manufacturers is a continuing activ
ity of the Training and Extension Department of 
NAPHIRE. 

Commercialized units 

As of December 1994, 385 units of flash dryers 
have been sold. The units marketed have been 
adopted by cooperatives throughout the Philippines 
as beneficiaries of the Grains Production Enhance
ment Program (GPEP) of the government. 

Aside from GPEP, the mobile flash dryer has been 
selected by cooperating government agencies of the 
GPEP Postharvest Component including local gov
ernment units to be the type of dryer disseminated to 
eligible cooperatives. 

Table 4. List of fully accredited manufacturers of flash dryers in the Philippines. 

I. CMC Metal Craft 

2. Emerald Machinery Sales, Inc. 

3. Gregorio Danganan Welding & Repair Shop 

4. Josian International Machines 

5. KA TO Machineries 

6. Los Banos Agricultural Machineries 

7. Mateo Tayag Metal Craft 

8. Morallo Iron Works 

9. MTP Metal Craft 

10. Prime Index Philippines 

11. R & B Metal Craft cI- Equity Enterprises 

12. ROPALI Trading Corporation 

13. Tropics Agro-Industries, Inc. 

Bayugan, Agusan del Sur, Philippines. 

Diamond Motor Service Bldg., 41-B Serrano Ave. Quezon 
City. 

3438 Liboro St., Pag-asa, San Jose, Occidental Mindoro. 

Maahas, Los BanDs, Laguna. 

Manila. 

Maahas, Los BanDs, Laguna. 

Juan Luna St., San Jose, Occidental, Mindoro. 

661 Highway I, San Miguel, lriga City. 

Turayong, Cauayan, Isabela. 

1651 Oroquieta St., Sta. Cruz, Manila. 

Cauayan, Isabela. 

Cauayan, Isabela. 

25 Panganiban St., Naga City, Camarines Sur. 
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Grain Condition Monitoring and 
Aeration Control Systems 

Cao Guanzbi* 

THE Grain Condition Detection, Analysis, and Venti
lation Control System (GCDA VCS) can monitor 
remotely the temperature and humidity of a grain 
mass. The computer controls detection of grain condi
tions and determines the requirements for aeration, 
temperature change, and moisture adjustment. 
Depending on the conditions provided by the host 
computer (control unit), the substations then provide 
dynamic real time and closed-loop control through 
the software of the aeration model. 

Operational Procedure 

The GCDA VCS transmits the field signals to the host 
computer, through the sensors, substations (data col
lectors), and double twist wires in a predetermined 
sequence. The host computer then computes the aera
tion necessary based on the information provided. To 
improve the calculation, the analysis of the grain 
mass is done by a mathematically-based model. Fig
ure 1 shows the components and arrangement of the 
GCDAVCS. 

Main Functions 

Timing ofthe data collection 

If the time for reading of the sensors in the detec
tion circuit is set, the GCDA yeS units will operate 
automatically at that time every day. The host compu
ter will store data for three days and it can be saved 
and printed. 

Real time data recovery 

Operators can read the sensors at any time when 
the detection circuit is not operating (including grain 
and air temperatures and humidities). 

• Chifeng Grain Microelectronic Applied Technique 
Research Institute, 4 Section Red Star East Road, Hong
shan District, Chifeng City, Inner Mongolia. China. 
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Grain condition dynamic intelligent analysis 

Compared with the use, collection and analysis of 
temperature information by hand, GCDA VCS has 
been an important breakthrough. With its analysis 
based on artificial intelligence and fuzzy logic, 
GeDA VCS can analyse the grain temperature range 
present and detect signs of heating using the special 
mathematical model for changing patterns of condi
tions in grain. The model induces automatically the 
local temperature change patterns and modifies the 
temperature curves to forecast the limit of the temper
ature trend and its pattern of change. Three dimen
sional pictures are used to provide easily seen 
illustrations of the temperature change. 

Figure 1. Diagram of the Grain Condition Detection, 
Analysis, and Ventilation Control System 
(GCDAVCS). 

Intellgent automatic aeration control 

Because of the equations and data provided by the 
'Mechanical Ventilation of Provision Reserve Tech
nical Rules: the GeDA VCS docs not require opera
tors to calculate the equilibrium humidity and 
temperature difference for aeration air to establish the 
required temperature and humidity differences in the 
grain mass. Thus, mechanical vcntilation (aeration) 
can be controlled automatically by the GCDA VCS if 
the storage identification number, grain present, its 



moisture content and the purpose of the aeration 
(lowering temperature, reducing moisture contact, or 
adjusting) are put into the computer. In this way, con
densation is prevented during aeration. 

Practical Application 

The field signals by the collector substations of tem
perature, humidity, AID converter and data can be 
computed into the control substations independently. 
Each substation may cut short the reading of the circuit 
of sensors. They also send out on/off signals to the aer
ation controllers according to the aeration conditions 
required by the central host computer. Store keepers 
can thus program sensor monitoring and aeration con
trol off line from the network. When grain temperature 
is being reduced and aeration is carried out according 
to the 'Mechanical Ventilation of Provision Reserve 
Technical Rules', the allowable temperature condi
tions are: at the beginning, T2 - T, ;,c 8°C (subtropical 
zone T2 1\;,c 6°C); during the course T2 T,;,c 4°C 
(subtropical zone T2 - T, ;,c 3°C); where T 2 is the aver
age temperature in the grain mass (0C); and T, is the 
air temperature (0C) outside the granary. 

The allowable humidity conditions for temperature 
reduction with aeration are: below the interstitial grain 
temperature, the equilibrium absolute grain humidity, 
PS2, is higher than the interstitial absolute air humidity 
PS 1> that is, PS2 > PS ,. To end the temperature reduc
tion with aeration, the condition is T2 TI ~ 4°C (sub
tropical zone, Tz - Tt ~ 3°C); the temperature gradient 
of the grain mass ~ 1°C/m grain layer thickness: the 
grain mass moisture gradient ~ O.3%/m grain layer 
thickness. The conditions for moisture reduction and 
aeration vary among grains. During moisture reduction 
with aeration of wheat of moisture content below 16%, 
late rice below \8%, maize below 20%, beans below 
18%, and rapeseed below 12%, the allowable humidity 
conditions for moisture reduction and aeration are: 
grain moisture reduces 1 %; grain temperature = grain 
average temperature T2 > air dew-point temperature 
T ll , that is, T2> T II . 

The allowable temperature conditions for moisture 
reduction with aeration are: grain moisture reduces 1% 
and grain temperature air temperature T,; equilib
rium absolute grain humidity PS21 > interstitial abso
lute air humidity PS I' that is PS2, > PS,. When the 
aemtion air is introduced to the bottom layer of the 
grain the drying front moves through to the top grain 
layers. When the aeration air is sucked from the bottom 
layer, the drying front moves to the bottom of the mass 
and when the grain temperature gradient ~ 1°C/m grain 
layer thickness, the aeration should be stopped. 

Temperature and moisture adjustment with aeration 
must be done before grain processing. The allowable con
ditions for adjusting temperature with aeration are: the 
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average grain temperature T 2 > air dew-point temperature 
T I I' that is, T 2 > T 'I' After aeration, the upper grain mass 
temperature should not exceed the safe storage tempera
ture after the moisture content of the grain mass has 
increased. The allowable humidity conditions for adjust
ing moisture content with aeration are: the grain moisture 
increasing 2.5% and the grain temperature air tempera
ture T1; the equilibrium absolute humidity PSz2 < the 
interstitial absolute air humidity PSI' that is, PS22 < PS\. 
When the moisture content of the grain mass reaches the 
required level, it should be below the safe reserve mois
ture level, with the grain mass moisture gradient ~ O.5!m 
grain layer thickness; and the grain mass temperature gra
dient ~ I °C/m grain layer thickness. At this point the aera
tion should be stopped. 

Using the above-mentioned principles, the intelli
gent automatic aeration control system can operate on 
many automatic aerated storages at the same time. 
When the storage identification number, grain 
present, its moisture content, and the purpose of the 
aeration are put into the computer, the GCDA VCS 
uses this information to provide dynamic real time 
control for monitoring of conditions and automatic 
operation of the aeration. The working diagram (see 
below) is a control circle. 

Data collection is done once every two minutes 
monitoring the temperature changes. After the control 
information is programmed into the computer, the sub
stations collect temperature and humidity of the ambi
ent air and the temperature of the grain to enable 
calculation of the relative equilibrium humidity, the 
absolute humidity and the grain mass dew point. Aera
tion is then done according to the following: 

Aeration Purpose 

Temperature 
reduction 

Allowable conditions for aeration 

The first temperature difference 
and the operating tempering 
difference PSI < PS2 

Moisture reduction PSI < PS3 
and adjustment PS] > PSs 

Tl Air temperature; T2 Grain mass temperature; PS] Air absolute 
temperature: PS2 Below the interstitial grain temperature, the 
equilibrium absolute grain humidity; PS3 When the grain temper
ature is dose to the air temperature, the grain moisture w%-l % to 
the equilibrium absolute humidity; T4 Air dew-point; PSs When 
the grain temperature is close to the air temperature, the grain 
moisture w% + 2.5% to the eqUilibrium humidity. 



Summary 

Advanced mathematical models are used to manage 
grain conditions and provide dynamic real time con
trol of aeration. This automatic control replaces the 
experienced technicians in analysis, collection of 
data, and decision making. Because of the large 
quantities of data involved, the mathematieal model 
for grain monitoring and analysis of grain condi
tions is installed in the computer. The model for aer
ation control can be installed in the substations. 
Because of the differences in grains involved, their 
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moisture and the purpose of the aeration, the substa
tions work independently. If the central host compu
ter is out of order, the substations can still operate. 
The system is now widely distributed, being 
installed in about 100 state grain reserve depots. 
The results have all been good. 
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Department of Provision Management. State Grain Provi
sion Reserve Bureau n.d. The Chinese Grain Reserve 
Encyclopedia. 



Use of Rice Husk Gasification in Grain Drying 

Chen Zhishun* 

JIANGSU is one of the important agricultural provinces 
of China producing on average 32 Mt of grain. Some 
8 Mt of this is held in storage. Jiangsu is located on 
the east coast of Asia and is seasonally very hot and 
humid. 

A recent estimate located nearly 750 grain dryers 
of diverse type in the province. This accounts for 
about 30% of the total number of dryers in China. Of 
these, there are 580 fluidised-bed dryers with the bal
ance being rotary dryers, steel tower dryers, flat dry
ers, vibrating fluidised-bed dryers, and infrared 
dryers. These units handle on average, 1 Mt of wet 
grain annually. Performance data for the three main 
types of dryer are given in Table I. 

Jiangsu has a large amount of storage with varied 
facilities using appropriate methodology for handling 
the wet grain in an area which, as indicated above, is 
seasonally very hot and humid. It is typical of China. 

Rice Husk Gasification 
for Grain Drying 

The yearly average of I Mt of wet grain being dried 
by the 750 dryers consumes 24000 t of fuel. It is thus 
very important and urgent to exploit renewable 
resources to replace the fuel oil and coal which are in 
short supply and expensive. Grain dryers are com
monly located near rice mills which produce large 
quantities of husk residues. This rice husk may be 
regarded as an appropriate and cheap source of heat 
energy for drying grain. 

Jiangsu province consumes approximately 18 500 t 
of rice husk each year for drying grain. This accounts 
for 77% of the total fuel consumption in the province 
for grain drying and 90% of national use of rice husk 
for this purpose. 

Four types of rice husk furnace were designed to 
match the growth of the grain drying in the rice 
industry: 

* Jiangsu Grains, Oils and Foods International Corporation, 
53 Shanxi Rd, Nanjing, China. 
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(i) Manually operated furnace constructed of brick 
(ii) Manually operated furnace fabricated from metal 
(iii) Down-draft rice husk gas producer 
(iv) Up-draft rice husk gas producer. 

The following is a brief introduction to the opera
tion of these types of furnace. 

Manually operated furnaces 

This type is commonly installed in primary grain 
depots. The facilities have low construction costs, are 
convenient in operation, and have a higher calorific 
efficiency. They have a brick or metal casing with the 
furnace body comprising a burning chamber and a 
mixing chamber 

Rice husk gasification units 

A unit consists of a rice-husk gas producer, a condi
tioning drum, and a burning chamber. The unit supplies 
steady heat to the grain dryer and its main advantage is 
that it does not pollute the dried grain. In a random 
sampling test, the BaP content of the grain is nearly 
constant at 0.72 ppb before and after drying whereas 
with hard coal and rice husk tunnel gas the BaP content 
increases to 1.28 ppb and 2.05 ppb respectively. 

The gasification process 

Rice husk is fed from the top of the furnace into the 
reaction chamber and the producer gas led to the con
ditioning drum for storage and thence to the burning 
chamber. The producer gas is mixed with air and 
burnt in the 'heat exchanger' to produce high temper
ature flue gas which is then mixed with twice th'e vol
ume of air and then used as the heat source for drying 
the grain. 

The reaction in the gas producing furnace is divided 
from top to bottom according to temperature into a 
drying layer, a distillation layer, and an active gasifi
cation layer. The reaction formulae are as follows: 

C + 02 CO2 + 97,650 kcal 
C + 11202 CO + 29,430 kcal 
C + CO2 - 2CO 38,790 kcal 
C + H20 = CO + H2 - 28,800 kcal 
CO + H20 - CO2 + H2 + 9,849 kcal 



Tablet. Test data of the three main types of dryer 

Types 

Capacity (t1h) 

Moisture removal (%) 

Fuel 

Fuel consumption (kg/h) 

Energy consumption in water 
removal (kcal/kg water) 

Breakage rate (%) 

Table 2. Analysis of rice husk 

Components 

Water 

VoJatiles 

Fixed carbon 

Ash 

Calorific value 

valve 

heat air-in 

husk 

HH32x320 
Fluidised-bed dryer 

7.80 

2.07 (15.92-13.85) 

Rice husks 

85.2 

1321 

+1 

Content (%) 

11.66 

55.62 

16.33 

18.32 

2960 kcal/kg 

air tunnel 

0 
0 ro 

8 
<D 

HY125xlO HLZ-30 
Netted Column 

15.08 11.64 

3.33 (18.03-14.70) 2.20 (16.2-14.00) 

Coal Coal 

122 58.8 

1079 1023 

+2.5 +0.5 

There are two types of gas producer: the down
draft and the up-draft system. 

The down-draft rice husk gas producer 

The body of the producer is the gasification cham
ber. The top is open for feeding in the rice husk and 
air. There is a gas outlet in the jacket of the furnace 
to remove the producer gas and the bottom of the 
chamber is sealed with water to prevent explosions. 

funnel 

~ 
! 400 400 ! 

heat air 
/' out 

.............. heat air 
- in 

fire-gard sediment 
chamber 

ash-out 

Figure 1. Manually operated furnaces for rice husk. 
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/ 

dryer 
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I 
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Figure 2. Integration of rice-husk gasification into grain drying 

Ash falls into the water through the grate at the bot
tom of the chamber and is removed by a screen con
veyor. The body of the furnace is filled with a water
jacket for heat insulation . A fan assists starting the 
combustion process and moving the gas when the 
unit is operating. 

The up-draft rice husk gas producer 

This is another application of the gasification sys
tem for indirectly drying grain . The air-now is in the 
reverse direction to that of the previous gas producer 
and construction is different. The furnace cover is 
sealed and is blown by a fan from the bottom of the 
chamber. After the several reactions as in the down-

o 
o 
o 

husk air 

02000 

1. cover 

/ 2. gas out 

02000 / 
02250 

Figure 3. A down-draft rice husk gas producer 

3. body 

4. grate 

5. gear 

6. water 
seal 

7. waste 
water 
pump 
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draft process. the gas is drawn off from the empty 
space in the top of the reaction chamber and passed to 
the conditioning drum and then burnt to dry the grain. 

A comparison between the down-draft and up
draft gas producers 

(a) Gasification strengths are respectively 132 kg/ 
m2h for the down-draft type and 149 kg/m2h for 
the up-draft type . This indicates that the dimen
sions of the second type may be reduced by 10% 
to reduce costs. In such modification of design, 
however, attention should be paid to the attenua
tion of calorific efficiency in that type of gas 
producer. 

1. husk chute 

2. gas-out 

3. husk 
distributor 

4. body 

5. door 

6. grate 

7. air-in 

8. grate 
handle 

9. water-
seal 

Figure 4. The up-draft rice husk gas producer 



(b) Since the gas in the up-draft type is of more 
combustible CO and CH4 (but less H2) than the 
gas in the down-draft type, the up-draft type 
produces gas of a higher calorific value than the 
latter. 

(c) In the up-draft type light explosions may occur. 
These are caused by the blocking of the gas 
spray nozzle and pipe by tar and impurities, as 
well as by leaking of air into the top chamber. 
These accidents are averted in the down-draft 
type, because its gas is more clear, and the gas is 
separated by fuel layers from air. 

(d) The down-draft drying system may be operated 
in parallel with the gas generating system. Thus 
the combined system can supply a rice mill 
with heat for drying and electric power for mill 
operation. 

Diffusion of Rice Husk Gasification 
Technology 

On behalf of the Jiangsu Provincial Grain Bureau, the 
Jiangsu Grains Oils and Foods International Corpora
tion has promoted rice husk gasification technology, 
and accomplished programs as follows. 
(I) Research on ricc husk gasification and success

ful design of Models 6250 and 6160 rice husk 
gasification units. 

(2) Introduction, with government loan support, of 
rice husk gasification technology in over 50 rice 
mills and stores. 

(3) Organisation of gasification training courses and 
meetings to exchange information and experi
ence. Arranging field trips by specialists to help 
operators solve production troubles. 

(4) Conduct of international rice husk gasification, 
storage and processing technology seminars in 
Jiangsu and completing 9 rice husk gasitlcation 
and drying projects in Asian, African and Latin
American countries. 
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Table 3. Analysis of rice husk gas (%). 

Gas Down-draft type Up-draft type 
component 

CO 15.45 17.21 

CH4 0.40 4.92 

CO2 7.25 4.91 

H2 9.48 4.70 

O2 2.50 2.98 

N2 64.92 64.96 

CnHm 0.32 

Table 4. Technical data on gas producers. 

Item Down-draft type Up-draft type 

Diameter of container 2m Im 

Gasification strength 132 kg/m2h 149kg/m2h 

Gasification effect 4.5 m3/kg 2.3 m3/kg 

Calorific efficiency 73% 63.7% 

Calorific value 750 kcal/m3 I 100 kcal/m3 

Husk consumption 400 kg/h 138 kg/h 

Conclusion 

Based on fluidised-bed drying, grain drying in 
Jiangsu is appropriate for the local situation at 
present. It would be a wise strategy, however, to 
develop rice husk gasification as this technology, 
although suitable for power generation, still leaves 
much to be desired for grain drying. Research on 
improving calorific efficiency, simplifying construc
tion of equipment, and reducing costs should be 
emphasised as follow-up assignments. 



The Effects of Drying and Shelling on Fusarium spp. 
Infection and Fusarium Toxins Production in Maize 

O.S. Dharmaputra*, H.K. Purwadariat , H. Susilo§, and S. Ambarwati§ 

TOXIGENIC Fusarium species can grow on some of 
the staple foods of both humans and animals, among 
them maize. According to Miller (1994) deoxynivale
nol was produced by both F. graminearum and F. 
culmorum, while nivalenoJ was produced only by F. 
graminearum. Deoxynivalenol could cause some dis
eases, among others necrosis of the skin (Ueno 1977), 
while nivaJenol caused vomiting in ducks and dermal 
toxicity in rabbits (Betina J 989). 

According to Dharmaputra et al. (J 994), a survey 
conducted by a BIOTROP team in 1992 revcaled that: 
• the highest percentage of maize kernels infected by 

F. moniliforme and F. semitectum was in freshly 
harvested maize cobs (77.4%), while the lowest 
was on dry shelled maize stored at trader level 
(30.8%); 

• the highest nivalenol content was on shelled maize 
(12.5 ppm), while the lowest was on dry maize 
cobs (5.8 ppm); 

• during the dry season the highest deoxynivalenol 
content was on dry maize cobs (2.8 ppm), while 
the lowest was on dry shelled maize (1.2 ppm); 

• during the wet season the highest content was on 
freshly harvested maize cobs (3.8 ppm), while the 
lowest was on dry shelled maize stored at trader 
level (1.9 ppm). 
Postharvest handling (including drying and shelling) 

can affect fungal infection. In general, the moisture 
content of freshly harvested maize is still high, and it is 
therefore a good substrate for fungal growth. Shelling 
can cause mechanical damage, and fungal spores can 
infect the kernel through the damage. Consequently, 

* SEAMEO BTOTROP, P.O. Box J 16, Bogor, Indonesia, 
and Department of Biology, Faculty of Mathematics and 
Natural Sciences, Bogor Agricultural University, JI. Raya 
Pajajaran, Bogor, Indonesia. 

t Department of Agricultural Engineering, Faculty of Agri
culture Technology, Bogor Agricultural University, Cam
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the kernels should be shelled using a proper tool and at 
an appropriate moisture content to reduce the damage. 

The objective of this study was to obtain information 
on the effects of some methods of drying and shelling 
on Fusarium spp. infection and Fusarium toxins pro
duction in maize stored under laboratory conditions. 
Also sought was information on the effect of drying 
and shelling on the integrity of kernels, and the effect 
of storage duration on changes in moisture content. 

Materials and Methods 

Maize variety 

Two maize varieties (Arjuna and CPI-2) were used 
in this study. They were grown at the experimental plot 
of the Research Institute for Food Crop Biotechnology, 
Bogor, harvested at 90 and 97 days after planting, 
respectively, and husked immediately after harvest. 

Drying and shelling 

Cobs of maize were divided into four lots. The 1st 
and the 2nd lots were sun dried to 20% moisture con
tent (m.c.), then shelled and further dried after shell
ing to 17 and 14% m.C., respectively. The 3rd lot was 
sun dried to 17% m.c. then shelled but was not dried 
further. The 4th lot was sun dried to 17% m.c., then 
shelled and further dried after shelling to 14% m.c, 
All maize samples were sun dried by spreading the 
cobs or kernels on a paved floor. 

Nail-down wood and a mechanical shelJer type 
Yanmar 1F 55-di with a cylinder rotation of 500-700 
rpm were used for shelling the maize. 

Storing of maize and method of sampling 

After drying and shelling, 500 g of maize from 
each treatment was placed in a 3.3 L jar covered with 
muslin cloth, and stored for 1, 2, and 3 months under 
laboratory conditions. Two replicates were used for 
each treatment. The ambient temperature and relative 
humidity of the storage were recorded using a Wilh. 
Lambrecht thermohygrograph type 252. 



An initial sample was obtained from each replicate 
Gar) at the beginning of storage, and further samples 
at I, 2, and 3 months of storage. Each sample was 
divided twice using a sample divider to obtain work
ing samples for moisture content. damaged kernels, 
population of Fusarium spp., and Fusarium toxins 
content analyses. 

Moisture content, damaged kernels, population of 
Fusarium spp., and Fusarium toxins content 
analyses 

Moisture content (wet basis) was determined using 
the oven method at 130°C for 2 hours (BSI 1980). 
The damaged kernels analyses were carried out at the 
beginning of storage to obtain the percentage of dam
aged kernels caused by shclling. 

Fusarium spp. was isolated using dilution method 
on Dichloran Chloramphenicol Peptone Agar (DCPA) 
(Piu and Hocking \985). Fusarium toxins contcnt was 
determined using high performance liquid chromatog
raphy (HPLC) methods (Blaney et al. \986). 

Experimental design 

The data were analysed using a completely ran
domised factorial design with 4 factors. The 1 st, 2nd, 
3rd, and 4th factors were maize variety, method of 
drying, method of shelling, and duration of storage, 
respectively. 

Results and Discussion 

The eITect of maize variety, methods of drying and 
shelling, and storage duration on moisture content 
and incidence of damaged kernels 

Based on statistical analysis, the effects of drying, 
duration of storage, and their interaction caused sig
nificant differences to moisture content, while varia
tion in variety and method of shelling was not 
significant (Table I). 

At the beginning of storage, the moisture contents 
of the grain subjected to drying methods I, n, III, and 
IV were 16.84, 14.10, 17.11, and 14.35%, respec
tively. Following 1 month of storage moisture con
tents had fallen (13.98, 13.51, 14.05 and 13.75%, 
respectively), and then remained almost constant for 
2 and 3 months of storage (Table 2). It was assumed 
that the moisture content of maize at 2 and 3 months 
of storage would approach an equilibrium with the 
relative humidity of the storage. According to Hall 
(I 957) and Henderson and Perry (1976), this equilib
rium moisture content is reached when the grains 
cease to either absorb or release vapour. Brooker et 
al. (1974) reported that the equilibrium moisture con
tent is affected by temperature, humidity, variety, and 
maturity of grains. The ranges of temperature and rei-
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ative humidity of the storage were 21.75-29.25°C 
and 47.88-88.25%, respectively (Table 3). 

Maize variety, drying, and shelling each had a sig
nificant effect on occurrence of damaged kernels, but 
their interaction was not significant (Table 4). 

The percentage of damaged kernels of maize var. 
CPI-2 (5.0%) was higher than that of var. Arjuna 
(3.6%) (Table 5). It was presumed that the kernels of 
var. CPI-2 were larger and less solid than var. Arjuna, 
and therefore could be more easily cracked or broken 
during shelling. 

Table I. Analysis of variance on the effects of variety, 
drying, shelling, duration of storage and their 
interaction on moisture content of maize. 

Source of df SS MS F Value 
variance 

A 1 0.0200000 0.0200000 0.22 

B 3 22.2191000 7.4063667 81.58** 

AxB 3 0.1580750 0.0526917 0.58 

C 

AxC 

BxC 

AxBxC 

D 

3 

3 

3 

0.1682000 

0,0288000 

0.7585250 

0.2064250 

137.6364812 

0.1682000 1.85 

0.0288000 0.32 

0.2528417 2.78* 

0.0688083 0.76 

45.8788271 505.32** 

AxD 3 0.2039063 0.0679688 0.75 

BxD 

AxBxD 

CxD 

AxCxD 

BxCxD 

9 

9 

3 

3 

9 

40.7079438 

0.6937437 

0.2252688 

0.1070437 

1.3455312 

4.5231049 49.82** 

0.0770826 0,85 

0.07508% 0.83 

0.0356812 0.39 

0.1495035 1.65 

AxBxCxD 9 

Error 63 

0.4364063 

5.7198875 

0.0484896 0.53 

0.0907919 

A 
B 
AxB 
C 
AxC 
BxC 
AxBxC 
D 
AxD 
BxD 

Variety 
Drying 
Intemetion between variety and drying 
Shelling 
Intemetion between variety and shelling 
Interaction between drying and shelling 
Interaction among variety, drying and shelling 
Duration of storage 
Interaction between variety and duration of storage 
Interaction between drying and dunltion of storage 

AxBxD Interaction among variety, drying and duration of 
storage 

CxD Interaction between shelling and duration of storage 
AxCxD Intemetion among variety, shelling and duration of 

storage 
BxCxD Intemetion among drying, shelling and duration of 

stomge 
AxBxCXD Interaction among variety, drying, shelling and 

* 
** 

duration of storage 
Significantly different at 95% confidence level 
Significantly different at 99% confidence level 



Table 2. Moisture content of maize treated with different 
methods of drying during storage. 

Drying 
method" 

n 
1II 

IV 

Moisture content (%) 

Duration of storage (months) 

0 I 2 

16.84a 13.98 cd 13.18 g 

14.10 be 13.51 eC 13.04g 

17.11 a 14.05 bed 12.95 g 

14.35 b 13.75 de 12.99 

3 
13.08 g 

13.02g 

Numbers followed by the same letter do not differ significantly 
according to Duncan's Multiple Range Test at 95% confidence 
level 

a I Cobs of maize were sun dried to 20% moisture content. then 
shelled and re·dried after shelling to 17% moisture content 

11 Cobs of maize were sun dried to 20% moisture content, then 
shelled and re-dried after shelling to 14% moisture content. 

III Cobs of maize were sun dried to 17% moisture content, then 
shelled and were not re-dried. 

IV Cobs of maize were sun dried to 17% moisture content, then 
shelled and re-dried after shelling to 14% moisture content. 

Table 3. Range of temperature and relative humidity in 
the storage room. 

Duration of Temperature Relative humidity 
(%) 

1 61.0-88.3 

2 21.8-28.4 61.0-88.3 

3 21.8-29.3 47.9-88.3 

Table 4. Analysis of variance on the effects of variety, 
drying, shelling and their intef'dction on 
damaged kernels of maize at the beginning of 
storage. 

Source of df SS MS F Value 
variance 

A 

B 

AxB 

C 

AxC 

BxC 

AxBxC 

Error 

A 
B 
AxB 
C 
AxC 
BxC 
AxBxC 
** 

3 

3 

3 

3 

15 

Variety 
Drying 

15.52637813 

22.82528438 

3.33008437 

63.59100313 

0.05695312 

1.97750938 

2.94960937 

14.2605719 

15.52637813 

7.60842813 

1.11002812 

63.59100313 

0.05695312 

0.65916979 

0.98320312 

0.9507048 

Interaction between variety and drying 
Shelling 

16.33** 

8.00** 

1.17 

66.89** 

0.06 

0.69 

1.03 

Interaction between variety and shelling 
Interaction hetween drying and shelling 
Interaction among variety, drying and shelling 
Significantly different at 99% confidence level 
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The percentage of damaged kernels of maize 
shelled at 20% m.c. (drying methods] and II) (4.7 and 
5.4%, respectively) was higher than for maize shelled 
at 17% m.c. (drying methods III and IV) (3.7 and 
3.2%, respectively). According to SFCDP (1990), 
low quality maize generally contains more than 3% 
damaged kernels, and the percentage increases if the 
grain is shelled at greater than 18% m.c .. 

The percentage of damaged kernels (5.7%) in 
maize shelled by mechanical sheller was higher for 
maize shelled by nail-down wood (2.9%). It was 
assumed that shelling of each cob of maize using a 
nail-down wood did not result in friction between 
cobs, in contrast to shelling using a mechanical shel
ler. Moreover, manual shelling using a nail-down 
wood can be controlled to reduce friction between the 
sheller and the maize. According to Suprayitno 
(1980) the percentage of damaged kernels of maize 
shelled using a mechanical sheller is higher because 
of friction between intact kernels and between intact 
kernels and the cylinder of the mechanical sheller. 

Table 5. The effeet of maize variety, methods of drying 
and shelling on damaged kernels at the 
beginning of storage. a 

Effect Damaged kernels (%) 

Maize variety 

Arjuna 3.6a 

CPI-2 5.0b 

Method of dryingb 

I 4.7 cd 

Il 5.4 c 

III 3.7 de 

IV 3.2 e 

Method of shelling 

Nail-down wood 2.9f 

Mechanical sheller 5.7 

Numbers followed by the same letter do not differ significantly 
according to Duncan's Multiple Range Test at 95% confidence 
level 

a Damaged kernels analysis was carried out only at the begin
ning of storage 

b I Cobs of maize were sun dried to 20% moisture content, 
then shelled and re-dried after shelling to 17% moisture 
content. 

n Cobs of maize were sun drIed to 20% moisture content, 
then shelled and re-dried after shelling to 14% moisture 
content. 

III Cobs of maize were sun dried to 17% moisture content, 
then shelled and were not re-dried. 

IV Cobs of maize were sun dried to 17% moisture content, 
then shelled and re-dried after shelling to 14% moisture 
content. 



The etTect of maize variety, methods of drying and 
shelling, and storage duration on population of 
Fusarium spp. 

Two species of Fusarium were isolated: F. monili
forme and F. nygamai. F. moniliforme can produce 
moniliformin (Martin 1976) and fumonisin (Gelderb
lom et at. 1988). According to Dharmaputra et al. 
(1993), F. moniliforme and F. nygamai can produce 
deoxynivalenol. 

Based on statistical analysis, maize variety had a 
very significant effect on the population of Fusarium 
spp. duration of storage gave significant differences, 
while drying. shelling, and interaction among maize 
varieties, and drying, shelling and duration of storage 
did not give significant differences (Table 6). 

The population of Fusarium spp. on maize var. 
Arjuna (8892 colonies/g) was higher than that on var. 
CPI-2 (3282 colonies/g) (Table 7). It was assumed 
that maize var. Arjuna was more susceptible to 
Fusarium spp. than var. CPI-2. 

Fusarium spp. population on maize shelled at 20% 
m.c. (drying methods I and 11) (9715 and 8846 colo
nies/g) was higher than that on maize shelled at 17% 
m.C. (drying methods III and IV) (2283 and 2953 col
onies/g), but the difference was not signifieant (Table 
7). It was assumed that Fusarium grew well on sub
strate with a high moisture. Aecording to Christensen 
and Kaufmann (1974), Fusarium needs substrate with 
high moisture eontent (22-23%) for its growth. 

The population of Fusarium spp. on maize shelled 
by meehanieal sheller (7129 colonies! g) was higher 
than on that shelled by nail-down wood (5044 colo
nies/g), but the difference was not significant (Table 
7). It was assumed that the proportion of damaged 
kernels in maize shelled by mechanical sheller was 
higher than in maize shelled by nail-down wood, and 
consequently that maize shelled by mechanical shel
ler could be more easily infected by Fusarium. 

Fusarium spp. population increased at I and 3 
months of storage, from 2537 colonies/g to 9385 and 
9096 colonies/g, respectively, but it decreased at 2 
months of storage. It was assumed that there were 
fungi antagonistic to Fusarium spp., because one 
kernel could be infected by more than one fungal 
species. 

The etTect of maize variety, methods of drying and 
shelling, and storage duration on Fusarium toxin 
content 

Two Fusarium toxins were obtained: nivalenol 
(NIV) and deoxynivalenol (DON). Tamm and Tori 
(1984) and Dharmaputra et al. (1993) reported that F. 
moniliforme and F. nygamai produced DON. 

The effects of maize variety, shelling, duration of 
storage, and interaction among varieties, drying, 
shelling, and duration of storage gave very significant 
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differences to NIV content, while drying did not give 
significant differences (Table 8). 

The effects of maize variety, drying, and duration 
of storage resulted in very significant differences to 
DON content, shelling gave signif1cant differences, 
while interaction among maize varieties, drying, 
shelling, and duration of storage did not give signifi
cant differences (Table 8). 

Table 6. Analysis of variance on the effects of variety, 
drying, shelling. duration of storage and their 
interaction on population of Fusarium spp. 
(transfonned into log. population of Fusarium 
spp. + I) of maize. 

Source of 
variance 

A 

B 

AxB 

C 

AxC 
BxC 
AxBxC 

D 

AxD 
BxD 
AxBxD 
CxD 
AxCxD 
BxCxD 
AxBxCxD 

Error 

A 
B 
AxB 
C 
AxC 
BxC 
AxBxC 
D 
AxD 
BxD 
AxBxD 

CxD 
AxCxD 

BxCxD 

AxBxCxD 

* 
** 

df ss MS FValue 

1 34.48470925 34.48470925 7.32** 

3 1.76225659 0.58741886 0.12 

3 9.53619213 

5.05448890 

I 8.04765365 

3 15.37478516 

3 10.55589127 

3 40.04969385 

3 2.86088526 

9 54.59030187 

9 60.03023921 

3 5.31038397 

3 10.02239775 

9 32.61029761 

9 29.27228927 

63 296.6930382 

Variety 
Drying 

3.1783071 

5.05448890 

8.04765365 

5.12492839 

3.51863042 

13.34989795 

0.95362842 

6.06558910 

6.67002658 

1.77012799 

3.34079925 

3.62336640 

3.25247659 

4.7094133 

Interaction between variety and drying 
Shelling 

0.67 

1.07 

1.71 

1.09 

0.75 

2.83 

0.20 

1.29 

1.49 

0.38 

0.71 

0.77 

0.69 

Interaction between variety and shelling 
Interaction between drying and shelling 
Interaction among variety, drying and shelling 
Duration of storage 

* 

Interaction between variety and duration of storage 
Interaction between drying and duration of storage 
Interaction among variety, drying and duration of 
storage 
Interaction between shelling and duration of storage 
Interdction among variety. shelling and duration of 
storage 
Interaction among drying, shelling and duration of 
storage 
Interaction among variety, drying, shelling and 
duration of storage 
Significantly different at 95% confidence level 
Significantly different at 99% confidence level 



NIV and DON contents of maize var. CPJ-2 (1.86 
and 0.28 ppm) were higher than those of var. Arjuna 
(1.80 and 0.25 ppm) (Table 9). 

NIV contents of maize dried using the four meth
ods were not significantly different from each other 
(1.81-1.85 ppm). The DON content of maize dried 
using the 1st and 3rd methods (0.24 ppm) was lower 
than in the 2nd and 4th methods (0.31 and 0.26 ppm, 
respectively) (Table 9). 

Table 7. The effect of maize variety, methods of drying 
and shelling, and duration of storage on 
population of Fusarium spp. 

Effect Population of Fusarium spp. 
(colonies/g) 

Not Transfonned into log 
transformed Fusarium spp.+ 1 

Maize variety 

Arjuna 8892 6.739 a 

CPI-2 3282 5.701 b 

Method of dryingB 

I 9715 6.351c 

JI 8846 6.321c 

III 2833 6.132 c 

IV 2953 6.078 c 

Method of shelling 

Nail-down wood 5044 6.022d 

Mechanical sheller 7129 6.419 d 

Duration of storage (months) 

0 2537 5.522 e 

I 9385 6.784f 

2 3329 5.820 ef 

3 9096 6.755 f 

Numbers followed by the same letter do not differ significantly 
according to Duncan's Multiple Range Test at 95% confidence 
level 

a I Cobs of maize were sun dried to 20% moisture content, 
then shelled and re-dried after shelling to 17% moisture 
content. 

II Cobs of maize were sun dried to 20% moisture content, 
then shelled and re-dried after shelling to 14% moisture 
content. 

III Cobs of maize were sun dried to 17% moisture content. 
then shelled and were not re-dried. 

IV Cobs of maize were sun dried to 17% moisture content, 
then shelled and re-dried after shelling to 14% moisture 
content. 

NIV content of maize shelled by mechanical sheller 
(1.87 ppm) was higher than that shelled by nail-down 
wood (1.78 ppm), while for DON content it was the 
opposite (0.25 and 0.27 ppm, respectively). 
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NIV and DON contents increased with increasing 
storage duration, but they were still lower than the 
lethal doses for mice. Their contents at the beginning 
of storage, and at I, 2, and 3 months of storage, were 
1.22 and 0.08 ppm, 1.99 and 0.30 ppm, 2.02 and 0.32 
ppm, and 2.08 and 0.34 ppm, respectively (Table 9). 
According to Betina (1989) the lethal dose of NIV for 
mice is 4.1 ppm, while Miller (1994) reported that 
animal feed should contain not more than 1 ppm of 
DON in the diet. According to Betina (1989), the 
Wso of DON for male and female mice are 70.0 and 
76.7 ppm, respectively. 

Conclusions 

1. Moisture contents of maize decreased at I month 
of storage, and remained almost constant at 2 and 
3 months of storage. 

2. Maize var. CPI-2 was more resistant than var. 
Arjuna to F. moniliforme and F. nygamai infec
tions, although the percentage of damaged ker
nels of maize var. CPI~2 was higher than in var. 
Arjuna. 

Table 8. Analysis of variance on the effects of variety, 
drying, shelling, duration of storage and their 
interaction on Fusarium toxins contents of maize. 

a. Nivalenol 

Source of 
variance 

A 

df SS 

0.10927812 

B 3 0.03221094 

AxB 3 0.03534581 

C 

AxC 

BxC 

AxBxC 

D 

AxD 

BxD 

AxBxD 

CxD 

AxCxD 

BxCxD 

AxBxCxD 

Error 

0.22411513 

0.02880000 

3 0.01106856 

3 0.20265469 

3 15.74015056 

3 0.01365519 

9 0.05657450 

9 0.09951387 

3 0.03161769 

3 0.08266656 

9 0.11851963 

9 0.11831575 

63 0.28540047 

MS FValue 

0.10927812 24.12** 

0.01073698 2.37 

0.01178194 2.60 

0.22411513 49.47** 

0.02880000 6.36** 

0.00368952 0.81 

0.06755156 14.91 ** 
5.24671685 1158.17** 

0.00455173 1.00 

0.00628606 1.39 

0.01105710 2.44* 

0.01053923 2.33 

0.02755552 6.08** 

0.01316885 2.91** 

0.01314619 2.90** 

0.00453017 



Table 8. Cont'd. 

b. Deoxynivalenol 

Source of df ss MS F Value 
variance 

A 

B 

AxB 

C 

AxC 

0.03455163 

3 0.10848777 

3 0.03191734 

0.01254132 

0.04832163 

0.03455163 16.74** 

0.03616259 17.53** 

0.01063911 5.16** 

0.01254132 6.08* 

0.04832163 23.42** 

BxC 3 0.03306677 0.01102226 5.34** 

AxBxC 3 0.00005109 0,00001703 0,0] 

D 3 1.38876634 0.46292211 224.34** 

AxD 3 0.01499727 0.00499909 2.42 

BxD 9 0.03933220 0.00437024 2,12* 

AxBxD 9 0.01657438 0.00184160 0.89 

CxD 3 0.01547184 0.00515728 2.50 

AxCxD 3 0.02377527 0.00792509 3.84* 

BxCxD 9 0.02272820 0.00252536 1.22 

AxBxCxD 9 0.00119113 0.00013235 0.06 

Error 63 0.12999862 0.00206347 

A 
B 
AxB 
C 
AxC 
BxC 
Ax8xC 
D 
AxD 
BxD 
AxBxD 

CxD 

AxCxD 

BxCxD 

AxBxCxD 

* 
** 

Variety 
Drying 
Interaction between variety and drying 
Shelling 
Interaction between variety and shelling 
Interaction between drying and shelling 
Interaction among variety, drying and shelling 
Duration of storage 
Interaction between variety and duration of storage 
Interaction between drying and duration of storage 
Interaction among variety. drying and duration of 
storage 
Interaction between shelling and duration of stor· 
age 
Interaction among variety, shelling and duration of 
storage 
Interaction among drying, shelling and duration of 
storage 
Interaction among variety. drying, shelling and 
duration of storage 
Significantly different at 95% confidence level 
Significantly different at 99% confidence level 

3. In general, the best drying method was to sun dry 
maize cobs to 17% m.c., then shell them and fur
ther dry to 14% m.c. 

4. Fusarium spp. population of maize shelled by 
mechanical shell er was not significantly different 
from that in maize shelled by nail-down wood, 
though the percentage of damaged kernels in 
maize shelled by mechanical sheller was higher. 
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5. Popuiations of Fusarium spp. increascd at 1 and 3 
months of storage, but decreased at 2 months of 
storage. 

6. Nivalenol and deoxynivalenol contents increased 
with increasing length of storage. 

Table 9. The effect of maize variety, methods of drying 
and shelling. and duration of storage on 
Fusarium toxins contents. 

Effect Fusarium toxins contents (rpm) 

NIV DON 

Maize variety 

Arjuna 1.80a O.25j 

CPI-2 1.86b 0.28 k 

Method of drying 

I 1.84c 0.241 

II 1.85 c 0.31 m 

1II 1.81 c 0.241 

IV 1.81c 0.26\ 

Method of shelling 

l\'ail-down wood 1.78d 0.27n 

Mechanical sheller 1.87 e 0.250 

Duration of storage (months) 

0 1.22 f 0,08 p 

1 1.99 g 0.30q 

2 2.02 h 0.32 r 

3 2.08 i 0.34r 

Numbers followed by the same letter do not differ significantly 
according to Duncan's Multiple Range Test at 95% confidence 
level 

Cobs of maize were sun dried to 20% moisture content, 
then shelled and re-dried after shelling to 17% moisture 
content. 

11 Cobs of maize were sun dried to 20% moisture content, 
then shelled and re-dried after shelling to 14% moisture 
content. 

III Cobs of maize were sun dried to 17% moisture content, 
then shelled and were not re-dried. 

IV Cobs of maize were sun dried to 17% moisture content, 
then shelled and re-dried after shelling to 14% moisture 
content. 
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Drying Simulation: a PC-based, User-orientated Decision 
Support System for In-store Drying and 

Aeration of Grains 
V.K. Jindal, R.e. Martinez, and Le Van Diep* 

SIMULATION of grain drying in deep beds, also known 
as in-store drying, has been extensively used in agri
cultural engineering research to acquire a better 
understanding of the drying processes and related sys
tems. The old mainframe versions of the simulation 
models developed for predicting the changes in the air 
and grain conditions are not easily accessible or user
interactive for direct applications. Also, many users 
arc discouraged from utilising the computer simula
tion techniques because of their complexity. 

Drying Simulation is an easy-to-use, PC-based 
decision support system which offers a user-interac
tive environment for computer simulation of in-store 
drying of paddy, maize. and soybeans. The software 
package developed can be used for designing and per
formance evaluation of in-store drying and aeration 
of selected grains. It has a menu-driven user-interface 
and can display results graphically for quick interpre
tation and analysis. Drying Simulation should prove 
to be a practieal and useful means to find out what 
would happen under different available options for 
in-store drying and aeration of grains, and for subse
quent decision making. 

Drying Simulation Features 

The program relies on the modified Thompson et al. 
(1968) and the Thompson (1972) near-equilibrium 
models to simulate grain drying and rewetting in deep 
beds. Drying Simulation, developed and compiled in 
Microsoft BASIC 7.0 (also known as BASIC PDS), 
provides a user-interactive environment which allows 
users to easily perform drying simulations based on 
these models and their combined form. 

Drying Simulation offers the following features: 
• Drying Simulation is a stand-alone software pack

age with menu-driven user-interface and graphics 

* Agricultural and Food Engineering Program, School of 
Environment, Resources and Development, Asian Insti
tute of Technology, GPO Box 2754, Bangkok 10501, 
Thailand. 
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capability. There is on-line HELP available for the 
explanation of various items in each menu. In 
addition. general information on important aspects 
of in-store grain drying/aeration simulation and 
the software package itself is included in a 
README file. 

• Built-in choices for different grain selection 
include paddy. maize, and soybeans. The program 
supports the Plot, View, Print, and Save options for 
both simulation and plot data when pausing inter
mittently during a simulation run and at the end. 

• Selection of three different simulation approaches 
along with related model equations can be made for 
general comparison. 

• An easy-to-use interface facilitates input of the 
simulation conditions. A data window showing the 
input data and selected models can be displayed 
and closed instantly before and after a particular 
simulation run. 

• Uniform and non-uniform initial grain and inlet 
air conditions can be handled. Users can select a 
stopping criterion (e.g. average final moisture 
content, drying duration, etc.) to end a simulation 
run. Several fan and heater control strategies can 
be examined. 

• In simulation runs with non-uniform input air con
ditions and/or initial grain bed conditions, the cor
responding air and grain data files can be created 
and/or edited directly in the program. 

• When the simulation program is running. the 
changes in condition of the grain bed as drying 
progresses are continuously displayed and updated 
on screen. Current drying time, and fan and heater 
operating times, are also displayed. The heater and 
fan energy requirements, moisture removal, and 
dry matter loss are computed and displayed contin
uously on the screen during a simulation run based 
on I m2 cross-sectional area of the grain bed. 

• Simulation results can be plotted on screen. Users 
can plot various simulation protiles of the moisture 
content, temperature, relative humidity, and dry mat
ter loss against drying time or depth of grain bed. 



• Simulation results can be saved on a file and 
imported into other software packages for further 
analysis. Drying Simulation does not offer direct 
support for printing of the simulation plots. How
ever, the simulation data and other graphics infor
mation can be saved on a file and imported into a 
spreadsheet package (e.g. Lotus 1-2-3) for plotting 
and printing. 

System Requirements 

Drying Simulation will run on an IBM® PC or com
patible machine with at least 640 kb of available 
memory. The software requires a CGA, EGA, or 
VGA display for the graphics routines. When using a 
monochrome monitor with Hercules driver, the file 
MSHERC.COM available from MS DOS 5.0 must be 
loaded to support the plotting of graphs by Drying 
Simulation. 

The software can be run from a floppy disk sys
tem with a minimum of 720 kb disk drive capacity 
(e.g. two 360 kb drives, or one 1.2 Mb or higher 
capacity drive). A hard disk is recommended for 
best performance. 
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Drying Simulation would run under DOS 3.3 or 
higher. A spreadsheet package like LOTUS \-2-3 is 
required for printing the simulation plots. Alterna
tively, the graphics screen capture utilities, such as 
GRAB available from WordPerfect Corporation, may 
be used. Further details on the printing of simulation 
plots are provided in a README file. 

Availability 

Copies of Drying Simulation are available for US$50 
from Dr V.K. Jindal, AIT, GPO Box 2754, Bangkok, 
Thailand; fax: 66 2 524 6200 or 66 2 516 2126; email: 
< jindal@ait.ac.th >. 
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The Current Situation and Prospects for 
Grain Drying in Northeastern China 

Ju JinFeng, Liu Fangjiu, Du ShuXiao, and Xu ZengTao* 

THE Songliao Plain of northeastern China is a rnajor 
grain-producing region. In the provinces of Hei
longjiang, Jilin, and Liaoning, the total output of grains 
is 60 Mt. In the north of Heilongjiang, wheat and soy
bean are the principal crops, in Jilin, Liaoning and the 
south of Heilongjiang maize predominates, whilst in 
the east of the three provinces close to the mountains, 
rice is produced. All the area is influenced by the cli
mate of Siberia, that is cold in winter and warm in sum
mer. In spring and early summer, from March to June 
and in autumn from September to October, the climate 
is dry with little rain. The frost-free period is about 
140-160 days each year, and the grain moistures are 
high. The meteorological conditions and moisture con
tents of grains are shown in Tables I and 2. 

An average of 50% of grain produced in the three 
provinces passes through commercial channels. Local 
government agencies in three provinces purchase a 
total of 26-28 Mt of which 21.25 Mt need drying. This 
is equal to 70% of grain dried throughout the whole 
country. The amount of high moisture grain that needs 
drying is shown in Table 3 for the three provinces. 

Current Grain-drying Technology in 
Northeastern China 

Grain drying is a key measure for long-term safe stor
age of grain. Because of different grain varieties, 
grain moisture contents, and meteorological condi
tions, drying methods and equipment are ditIerent. 
The major methods are high temperature drying, sun 
drying, and aeration (Table 4). 

The technique of grain drying 

In north-east China, grain drying machines appeared 
flfst in the 19408. From the 19505, the Kuaibas grain 
drying unit was introduced from the former USSR and 

* Heilongjiang Grain and Oil Science, and Technology 
Institute. No. 137 Nanma Road. Daowai District, Harbin 
150020, China. 

a steam drying unit, the Berico cross flow grain drying 
unit, was obtained from the Behlein Co., USA (Fig. I), 
Further developments were the concurrent drying unit 
from the Weslaken company, Canada and the cross
flow drying technique (Figs 2-3). Large amounts of 
capital and manpower were thrown into the develop
ment of grain dryers and the scries connection mixed 
flow grain drying unit was developed in Canada (Fig. 
4). Various mixed flow units were developed in China 
including one based on cyclic high temperature water 
and other equipment generally suited to drying high 
moisture grain (Fig. 5). 

Table 2. Moisture content of grain in three provinces of 
North East China (%). 

Province Maize Rice Soybean Wheat Other 
Grains 

22-30 15-17 13-15 16-19 
Jilin 24-30 15-17 14-15 15-17 

25 33 15-17 14-17 14.5 15.5 15 17 

Table 3. Amount of high moisture grain that needs drying 
in three provinces of North East China ('OOOt). 

Liaoning 6050 4000 

Jilin 9350 7500 
Heilongjiang 4850 3000 

Total 20250 14500 

1250 
500 
750 
2500 

50 

500 
550 

750 
550 

500 100 
500 1400 

To meet the needs for drying paddy and rapeseed 
on a small scale in central and southern China, the 
vibration dryers, fluidised-bed dryers, and rotating 
dryers were developed rapidly. 

After 50 years of development of techniques for 
grain drying, there are now about 1200 drying units of 
various types in use in northeastern China. Most of the 
large units which can process 150 t of wet grain per 
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day are kept by state granaries, grain processing fac
tories, state fanns, and feed-processing plants, total
ling about 858 units. Most small, tower type drying 
units are kept by rural stores or collectives. Units 
developed after the introduction in 1992 of the policy 
of reducing state purchases are, in major part, concur
rent drying units. Such units make up about 15% of 
the total drying capacity. 

The grain drying equipment which is now in use 
and has been so for the past 6 years, consists of series 
connected mixed flow tower type drying units and 
steam drying units. The number, processing capacity, 
regional distribution, and main technical functions 
are given in Table 5. 

The mixed-flow, multiple series drying units of 
brick construction (Fig. 6) have advantages such as 
even drying, use of local materials, ease of construc
tion, and long service life. The disadvantages are the 
high capital cost, lengthy construction times, and 
high breakage rate of grain during drying. The 
strong points of the steam drying units are the high 
quality of dried grain and the low consumption of 
energy. Most are series connected and a high break
age rate of grain is very common. Their cost of man
ufacture is 25% higher than that of the mixed-flow 
brick drying units. 

The emergence and development of drying units con
structed of steel 

Since the early 1980s, and because of the disadvan
tages listed above, steel grain drying units have been 
introduced and manufactured. A sample unit of the 
Bekley type of dryer was introduced by Hongqi State 
Fann in 1981. A multiple-ring mixed flow drying 
unit manufactured in 1987 in China was put into use 
in the Mudanjiang granary (Fig. 5). 

Work in this period proved that steel construction 
for drying units had the advantages of low cost, suita
bility for large-scale production. and ease of intro
duction of advanced technology and process control. 

Currently, there are three types of steel tower dry
ing units in China-mixed flow, crossflow, and con
current. In winter and spring, the target for energy use 
(kcal/kg H20) differs between northern and southern 
areas. Mixed flow direct grain drying units target 
2000-2300, indirect units 2200-2500, crossflow 
units 2000-2300, and concurrent units 1900-2200 
kcaVkg H20. 

Equipment for supplying heat for grain drying 

Grain dryers consist of the drying unit and the heat 
supply equipment. The heat supply technique is vital to 
the function of drying machines. It affects the invest
ment costs, the choice of fuel, the quality of the dried 
grain, pollution, and the service life of the equipment. 
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Table 4. Amount of grain dried by different methods in three provinces of North East China (x 1000t). 

Province Total Maize Rice Soybean Wheat Others 

Sun Heat Aeration Wind Sun Heat Aeration Wind Sun Heat Aeration Wind Sun Heat Aeration Wind Sun Aeration Sun 
drying drying drying drying drying drying drying drying drying drying drying drying drying drying drying drying drying drying 

Jilin 2450 5000 30 2000 5000 450 30 

Liaoning 1615 2300 80 600 2300 600 80 270 145 

Heilongjiang 1500 2250 400 350 650 2000 50 150 250 300 50 150 100 250 500 100 

Total 5565 9550 480 380 3250 9300 50 1200 250 380 80 420 100 250 500 245 

~ 

TableS. Types of drying equipment in North East China. 

Province ofmaehine 

Mixed flow Cross-flow Concurrent Anthracite direct Soft coal indirect Steam & high Mechanical Manual 
temperature water 

No of Capacity No of Capacity No of Capacity No of Capacity No of Capacity No of Capacity No of Capacity No of Capacity 
units (xIOOOt) units (x I OOOt) units (xIOOOt) units (x I 000t) units (xl000t) units (x 1 000t) units (x 1 000t) units (xlOOOt) 

Liaoning 82 4000 20 400 150 2000 170 2400 82 4000 102 4400 150 2000 

Jilin 348 5400 40 600 260 3000 128 4000 180 4920 208 2080 

Heilongjiang 205 2610 IQ 300 3 90 135 1650 78 1200 5 150 38 1000 180 200 

Total 635 12010 70 1300 153 2090 135 1650 508 6600 215 8150 320 10320 538 6080 



Because gas, oil, and electricity are prohibited for heat 
generation in China, the heat supply for most early 
stage grain drying is from anthracite and steam stoves. 
During the last 20 years, because of the high costs and 
pollution, studies on new equipment and technology for 
soft coal, indirect heating, and hot-air drying which 
began in 1978 were examined and approved in ) 982, 
thus making such technical equipment available in the 
1980s. 

Research work in the past 10 years has led to a new 
stage in the development of grain-drying technology. 
The features of the main unit and the indirect heating 
supply are low costs, suitability for use with a range of 
fuels, high quality, large-scale production, and short 
construction period. These are the solid foundations 
for the rapid development of steel dryers using soft 
coal in heated air stoves in China in the ) 990s. It is 
also a basis for the formulation of policy and develop
ment plans for grain drying technology throughout 
China. 

Sun drying 

Sun drying involves spreading the grain on a flat 
surface to a depth of 6-9 cm when there is abundant 
sunshine and little rain. The grain is turned with a 
wooden spade until the moisture content has fallen to 
the level for safe storage-windy conditions assist dry
ing. In the three provinces a total 5-6 Mt is sun dried, 
approximately 35% of the total quantity involved 
(Tables 3 and 4). To prevent cracking and heating of 
high moisture grain, soybean is normally dried in the 
sun first and then the wheat and other grains. In the 
province of Heilongjiang, soy bean is sun dried as it 
cannot be stored at high moisture content after 10 April 
when ambient temperatures are rising. The advantages 
of sun drying are the larger quantities that can be done 
compared with high-temperature drying, and the dry
ing cost is one third to one half that of heated drying. 
The disadvantages are that it is dependent on weather 
conditions, only small drying pavements are often 
available, more labourers are used and the work is 
heavier, and minerals may contaminate the grain 
requiring that the site be prepared by consolidation and 
sweeping as well as spreading mats and using cover. 

Use of natural air and heated air for drying 
Grain may be dried by ventilation with natural air 

when conditions are warm and dry, or by air which has 
been heated using medium- or low-pressure blowers. 
The storehouse must be appropriately constructed for 
such aeration. Various materials may be used, e.g. iron 
sheet-storehouses, bamboo grain bams, and so on. 
Such storehouses ean reduce grain moisture to safe 
levels and so enable grain to be stored for years with
out mould growth. The three provinces of northeastern 
China have a continental climate as can be seen from 
Table 1. From March to June the temperature is high 
during the day. with little rain, a low relative humidity 
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and thus high evaporation and so is suitable for drying. 
The larger grains give grain masses that are more 
porous and so easier to ventilate. As long as the most 
suitable aeration method is chosen, the shape of the 
grain mass is adequate, the correct times for ventilation 
are ehosen, and management is good, the desired 
results will be achieved. This method is suitable for 
drying soybean, rice, and wheat where the moisture is a 
little high, or maize when sun dried or dried by heated 
air and the moisture again is a little high. 

An advantage of the method is that it uses the latent 
heat of evaporation using little or no fuel and so saving 
energy. The amount of grain that can be dried is large 
and the grain is not subject to cracking or pollution 
from decomposition products of the fuel. Aeration is 
simple and convenient in operation with low costs that 
ean be spread across normal operational costs. The cost 
of drying is one third of the cost of drying with heat and 
30% of the cost of sun drying. As a result the method is 
accepted in the rice-producing areas such as Wa Chang, 
Yan Shou, and Tailai county of Heilongjiang. In this 
area aeration drying has almost replaced drying with 
heat and sun drying. Wuchang county dries 50000 t of 
rice each year and the technology has been in use since 
1990. Currently 500000 t are dried by aeration of which 
400000 t are in Heilongjiang. 

The major types of aeration are as follows: 

Radial flow ventilation 

Studies on this type of aeration drying began in 
1980 and were finalised in 1983. Originally bamboo
clappers were used but were replaced by perforated 
steel. A unit had four or more grain houses with a 
central bucket elevator and the complex later was 
enclosed in a weatherproof shed. This type of equip
ment found application in Heilongjiang in the middle 
of the 19805 and following preparation of model 
specification, there are now 30 such units in this 
province and in Jilin (Fig. 9). 

The radial-flow dryer is a low-temperature aeration 
type dryer which strips moisture from the grain by 
using the dynamic equilibrium between grain mois
ture and ambient air when dry air is forced through 
the grain by a fan. The dryer has a central porous air 
cell from which the air passes radially through the 
grain and out through porous walls. The air passing 
through the grain may be heated to assist drying. The 
heated air has two functions: to provide the energy 
for drying and to remove the evaporated water from 
the grain mass. Thus safe moisture levels which pre
vent mould growth can be achieved gradually. 

The specifications for drying units are given in 
Table 6. The temperatures of different grains during 
the drying process are given in Table 7 and the least 
input air ratios of various wet grains in Table 8. 
According to the data for the 130/60 Model drying 
barn, a 4-72-116A pneumatic conveyer was used. 



The dryer was operated at temperatures of 15-30°C 
and relative humidities of 30-50%. Table 9 gives the 
drying time per barn, and Table 10 throughput rates. 
The energy dissipation index data are as follows. 

Host machine power wasting: 
maize 0.06 kg water 
rice, soy bean 0.09 kg water 

Unit heat consumption (heating with bituminous coal 
hot-blast stove, temperature rises 15°C: 

maize 200-700 kcal/kg H20 
rice, soy bean 1000 kcallkg H20. 

At 15°C and a suitable relative humidity, it is pos
sible to use ambient air and not need supplementary 
heating, so there is no heat waste. 

Aeration and drying with ducting for air distribution 

Currently, there are 276 silos which use below
floor ventilation, and 514 silos which use above
ground ducting. With horizontal storages, 78 stores 
use below-floor ventilation and 252 use above
ground ducting. The design of all these storages con
forms to the regulations issued by the Ministry of 
Agriculture. In the arrangement, consideration is 
given to lower temperatures, rain and ventilation, and 
the processing quantity is less than 1.4. 

According to Ministry of Agriculture regulations, 
unit ventilation quantities are as follows: 
• the moisture content of grain 14, 16, 18,20% 
• the lowest unit ventilation quantity is 25, 30, 60, 80 

m3/h.t. 
The height of the grain in silos in Heilongjiang 

province is 12 m, and in horizontal storages and squat 
round storages is 3-7 m. The unit ventilation quantity 
is usually lower than 5-16 m3/h.t. Above 15°C and 

Table 6. The specification and capacity of the drying granary. 

Specification Diameter of Height of granary Area 
(m) (m) (m2) 

125/60 2.5 6.0 4.9 

J30/60 3.0 6.0 7.1 

under 60% r.h., 40-200 hours of ventilation are 
required to reduce the moisture content of rice from 
below 18% and maize from below 20% to maximum 
safe moisture contents. 

Radial ventilation drying in a bamboo screen grain bin 

In the bamboo screen grain bin, the bamboo screen 
forms a circle of 6 m diameter. There is a central air 
cell duct of 500-700 mm diameter and the unit may 
load 60-70 t of rice. The air blower is 4-72-11 6 A 
type, made in China. The unit ventilation quantity is 
70-80 m3/h.t. Above 15°C and under 60% r.h. 
between 20-120 hours of mechanical ventilation will 
reduce the moisture content of paddy and soybean to 
a safe level of 15-17%. 

The merits of this method are the fixed investment 
costs and the ease with which it can be popularised. 
This method has been generally adopted for grain 
drying in part of the counties of Heilongjiang prov
ince, replacing sun-drying and stoving. 

Natural air-drying in stacks 

The warm, dry, and windy weather of early sum
mer (February-June) may be used to dry soybean, 
rice, and maize in open stacks if the moisture content 
is less than 18%. The bags are stacked in single or 
double layers in a copper coin hole form. The mois
ture content will reach safe levels in 15-40 days. This 
method may be used where there is insufficient 
power and will lower the drying expenses as there is 
no need for further investment and equipment. In 
Xhaozhou county of Heilongjiang province, there are 
30000-40000 t of maize and soybean dried with this 
method. The method may be used when the moisture 
content is below 18%. Attention must be paid to the 
orientation of the stack, to guarding against moisture 
and rain, and to generally maintaining the site. 

Diameter of air Capacity Weight of grain per batch 
cell (m) (m3) 

1.0 25.0 maize 20.0 

rice 13.6 

1.0 37.9 maize 31.3 

rice 20.0 

Table 7. The temperature of various grains in the aeration--drying process. 

Grain 

Maize 
Rice 

Soybean 

Wheat 

Lowest temperature (0C) 

Grain in air air 

15 

15 

10 

15 

-5 
o 

Wind temperature 
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COC) 

15--40 

15-30 

10-30 

15-40 

Air 

<60 

<60 

<60 

<60 

Relative humidity 

air 

Not considered 

Not considered 

Not considered 

Not considered 



Table 8. 1be least input air ratio of various wet grains in 
aeration drying. 

Moisture content of wet 

16-20 
20-24 
Above 24 

Least input air ratio (m3 airl 
m3 

140 

200 
260 

Prospects for Grain Drying in the 
Northeastern Provinces 

Importance of grain drying technology 

Grain drying is one of the most important measures 
in storage of grain. The variety, moisture content, and 
temperature features of grain must be taken into 
account in grain drying to preserve the quality and 
conserve energy, lowering the costs of drying and 
preventing pollution. Rice, soybean, and wheat at low 
moisture contents should be dried with ambient or 
heated air. With maize, with its high moisture con
tent. larger quantities to be handled, and limited dry
ing period, it is necessary to adopt high-temperature 
drying (staving) or combine the staving, aeration, and 
natural air drying methods. We may divide the drying 
process into steps by first making most use of drying 
pavements for sun drying and, in the western plains 
area, making most use of the natural conditions 
which are dry and windy and suitable for aeration and 
natural air-drying in stacks. 

Low-temperature drying 

The various methods of low-temperature drying 
should be studied to develop the equipment, facilities, 
and ventilation systems necessary to raise the effi
ciency of the drying and lower the moisture contents 
achievable. 

High-temperature drying equipment 

This method involves advanced technology, rela
tively simple structures, and ease of operation. The 
cost also is low. With this method, we may lower the 
moisture content to a safe level for long term storage. 
Grain quality is good, energy is conserved, and costs 

Table 9. Drying lime per barn. 

Grain Moisture content Ventilation quantity 
(% ) (m31h) 

Maize 26 10500 

Rice 16.5 9876 

Wheat 15.5 7740 

Soybean 16.0 11000 

are low. It is thus appropriate to develop the mixed 
flow, cross flow, and concurrent drying machines. 
The silo type cross flow dryers will be used and 
developed in the south part of Harbin and Mudan
jiang-the 45° latitude area. 

Table 10. The processing quantity (t) per storage in radial 
aeration drying. 

Type of store Maize 

J 25/60 

J30/60 

0.6 

0.8 

Large-scale dryers 

Rice, wheat 

0.7-1.4 

1.0-2.0 

Soybean 

1.0-2.0 

The development of dryers designed in series and 
produced on a large scale mostly from steel. 

Computer control 

The inclusion of computer-based monitoring and 
controlling systems including for measurement of 
moisture content. 

Alternative energy sources 

Soft coal and rice husks should be used as the 
sources of heat energy, combined with indirect drying 
methods using heated air from heat exchangers. These 
should replace all anthracite direct drying machines 
lowering energy consumption to 20-30% of the origi
nallevel. 

Technical improvements 

Improvement of the furnace and drying machine, to 
extend their service life to more than 5 years and 15 
years, respectively. 

Matching dryer capacities to drying needs 

The state granaries should adopt mainly the large 
and medium type drying machine, supplementing 
them with the small types. In smaller enterprises, 
lower capacity units would be appropriate. 

Improving grain quality 

Improve the grain handling to reduce breakage of 
grain. 

Ventilation quantity ratio Time to safe moisture level 
(m3/m3 in 

277 35-60 

261 15-30 

204 20-20 

280 10-20 

289 



...L- I--+-+-l-+-+-J 

Figure 1. Crossflow grain drying machine. 
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Figure 2. Mi xed flow grain drying machine. 

Figure 3. Counter-current grain drying machine. 
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Figure 4. Multi-pass mixed flow gra in drying machine. 
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Figure S. Mixed flow grain drying machine. 

Figure 8. A new type of coal-fired hot-air stove. 

Figure 6. Cylindrical crossflow grain drying machine. 

I I I 

1 ~:~ 
I':~ 

11 : r-- -.::, -1 
LI_~ 1 1 1 1 

-J 
~------ """1: 

- 1 1 1 

I 
- 1 = 11 

1 1 1 1 

L L 
L _________ ..J A I 

~ - - - - - L ~ ~~--D 

Figure 7. Process diagram for grain drying machine. 
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Figure 9. Radial type mechanical ventilation drying granary. 
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(b) 
Figure 10. Plan view of ventilation ducting for (a) arch 

grain house, and (b) storehouse. 
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Figure 11. Plan view of ventilation ducting for cylindrical 
grain stores. 



Grain Drying in India - Problems and Prospects 

Sone Lal* and C.P. Ramamt 

IT is an accepted fact that drying of the grain is essen
tial for its safe storage. A better storability of the 
grain can be ensured if the moisture content is within 
safe limits. As a rule of thumb, a I % decrease in the 
moisture content or a 10°F (5.5°C) reduction in tem
perature of the grain doubles the storage life. Lower 
moisture level or temperature moderates the behav
iour of the grain in storage. 

Storage and handling of high moisture grain have 
posed serious problems in India, particularly at farm 
level, where mechanical dryers are not considered 
feasible due to heavy investment and maintenance 
costs. Traditional methods of sun drying are widely 
practised, but have certain disadvantages such as (i) 
unreliability; (ii) uncontrolled heating of grains; (iii) 
thermal stresses leading to grain fissures and break
age during milling, thus reducing its value; (iv) vul
nerability to infestation (due to fissures and by lying 
out in the open); and (v) losses due to birds, rodents, 
etc. The problems are further aggravated by rains, 
floods, and cyclones, to which farmers in the vast 
Indian coastal belt are most prone. Here, even under 
normal conditions, high humidity is a serious factor 
impeding proper drying and storage of grains. The 
problem assumes even greater seriousness when 
crops are harvested early, and high humidity coupled 
with rains at harvesting time delay sun drying 
(Shankar et at. 1989). 

The drying problem is more serious for paddy than 
for wheat in India, because most paddy-growing areas 
are in the coastal part of the country where unseasonal 
rains and sudden cyclonic rains are not uncommon 
during harvesting months. In the last decade, the 
northern part of India, particularly Punjab, Haryana, 
and Terai regions of u.P., have become major paddy 
producing areas and about 25% of the total paddy pro
duction of the country now comes from these three 
states. These states are major contributors of rice to 
the Central Pool as about 56% of the total annual 
national procurement of rice comes from these states 

* Ministry of Food, Krishi Bhawan, New Delhi I ID 001, 
India. 
Indian Grain Storage Institute, Field Station, Hyderabad 
(Andhra Pradesh), India. 
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(Table I). As a result of the use of combine harvestors 
for paddy harvesting in these three states, high mois
ture paddy (in the range 16-28%; Doharey et at. 1993) 
is harvested and farmers bring the produce directly to 
market for sale, which is posing problems in govern
ment procurement of paddy. The real challenge is in 
proper drying of the paddy and adoption of appropri
ate technologies available in the country. 

Problems 

Though low moisture level of the grain is a long-term 
insurance against deterioration in storage, farmers are 
usually reluctant to incur extra expense on mechani
cal drying. The existence of favourable atmospheric 
conditions virtually rules out mechanical drying, a 
costly alternative. However, severe problems are 
observed during cyclonic storms when the fields are 
inundated and the grain is saturated. Even water drip
ping from harvested panicles and continuous inclem
ent weather conditions do not stimulate introduction 
of mechanical drying as these are seasonal problems 
and mechanical drying is costly. 

A study commissioned by the ASEAN Food Han
dling Bureau in 1985 in West and Central Java, Indo
nesia, indicated that the farmers dry only that paddy 
which they intend to keep for consumption, and sun 
drying is the only method used. A similar situation 
prevails in India, with seed grain also sun dried. 

In the northern states of India, particularly in Pun
jab, Haryana, and Tarai regions of V.P., which have 
emerged as major paddy producing areas over the last 
decade, harvesting time coincides with the rainy sea
son and the peak time for wheat sowing. The farmers 
try to sow early-maturing varieties of paddy or even 
harvest the paddy when it is slightly immature, so that 
the main wheat crop sowing is not delayed. In these 
states harvesting of paddy by combine harvestors is 
also widespread. Paddy having high moisture con
tents up to 28% is brought directly from harvesting to 
marketing yards (mandies) for sale to the govern
ment. This is posing a serious problem for the govern
ment. Though the government has installed 
mechanical grain dryers in certain marketing yards, 
farmers do not want to use the facilities. 



Table I. Production and procurement of rice ('000 t) in Punjab, Haryana, and Utlar Pradesh during marketing years 1992-
93 and 1993-94 with reference to national production and procurement. 

State Production and year % of production on Procurement and year % of procurement on 
national basis national basis 

1992-93 1993-94 1992-93 1993-94 1992-93 1993-94 1992-93 1993-94 

Haryana 1869 2057 2.56 2.60 909 1248 6.96 8.75 

Punjab 7002 7624 9.61 9.65 4905 5486 37.58 38.47 

Ullar Pradesh 9709 10115 13.32 12.81 1186 1295 9.08 9.08 

Total 18580 19796 25.49 25.06 7000 8029 53.62 56.30 

All India figures of production and procurement ('000 t) during marketing year 1992-93 and 1993-94 

Production and year 

1992-93 1993-94 

72867 78972 

Though early harvest and subsequent mechanical 
drying reduces shattering losses and increases head 
yield, the farmcrs in India, because of transportation 
problems and the high cost, are not adopting these 
practices. The majority of the fields do not have 
proper approach roads, slushy conditions prevail in the 
fields in some areas, and labour costs are high. 

In southern, northeastern, and eastern states, where 
there is no pressure to harvest so another crop can be 
sown, farmers do not harvest their produce at an early 
stage with high moisture content even if favourable 
weather conditions exist. Another problem faced by 
farmers is the lack of proper threshing devices for 
crops harvested at high moisture content. Harvesting 
at high moisture also poses the problem of preserva
tion of straw for cattle feed as the straw spoils if kept 
at high moisture content for long periods (C.P. 
Ramam, unpublished data). 

Sutherland (1989) pointed out that a major reason 
for the slow introduction of mechanical drying tech
niques in the ASEAN region is lack of financial incen
tives for farmers to dry their paddy. This is true also in 
the Indian case. Moreover. farmers believe that even if 
the moisture content is marginally more in the har
vested grain it will be removed during processing (rice 
milling). If it is meant for parboiling, the high mois
ture level of the grain is of no consequence, as these 
grains invariably pass through a dryer. 

Present Status of Grain Drying in India 

Grain drying is not at present a priority area at farm 
level. Like fire services the need is felt in emergency 
situations such as unseasonal rains, or cyclonic 
storms at the time of harvest. Heavy demand is gener
ated for quick drying under these adverse situations 
and then easily forgotten immediately the crisis 
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Procurement and procurement % of total production 

1992-93 1993-94 

13053 (17.91) 14260 

passes. Now, after introduction of combine harvesters 
in Punjab and Haryana, a need is also felt in these 
states for introducing mechanical paddy drying facili
ties at farm/market levels. In India, drying facilities 
are available in rice mills which produce parboiled 
rice, in seed-processing units and, to a limited level, 
in marketing yards of Punjab state. These drying 
facilities are not open to farmers, while those at seed
processing units are available only to those farmers 
who contribute the grain for seed purpose to that par
ticular corporation or company. So it can be safely 
assumed that farm-level grain drying facilities are 
totally absent in India. The main reason for this con
straint is lack of incentives for dried grain and the 
consequential huge initial costs involved for limited 
seasonal use. 

Case Study 

In a study condueted in 1978 (C.P. Ramam. unpub
lished data) a block of villages with an assumed mini
mum of 50 t of paddy per day to be dried in 8 hours 
operation was considered. The basis for this assump
tion is that a common drying facility can serve a 
block of villages having an area of 1250 ha approxi
mately. If such facility were available, villages 
adjoining that block would be tempted to use the 
facility also, so that there will be overlapping of 
areas. So it is reasonable to assume the drying facil
ity, if established, would serve an area of 2000 ha. As 
per present production level, if 30% of grain pro
duced reaches the drying centre then it is expected 
that a total quantity of 2500 t will be dried. The grain 
will be at various moisture levels, so if an average of 
50 t per day of drying capacity is taken, the whole 
area can be serviced in 50 days, which is a very 
acceptable duration. In the case of unexpected rains, 



operation of the facility could be extended for 10--15 
days. So drying capacity of 50 t per day is needed for 
2000 ha. Marginal adjustments in the capacity of dry
ing unit could be made, depending on the demand. 

High Moisture Storage Problem at 
Commercial Level 

Private companies in India also have the problem of 
storage of high moisture grain. In the far south of the 
country, one corporation which handles and stores bulk 
of high moisture grain adopts various stacking tech
niques (Fig. 1): 'sandwich' stacking; 'window' stack
ing; and block stacking. The idea is to allow the free 
movement of air around the stack and through the stack 
so that the free moisture from grains can be transferred 
to the atmosphere when the humidity is low. 

(b) window stacking 

The Indian Grain Storage Institute is experimenting 
with low-cost, locally fabricated dehumidifiers using 
silica gel as a medium of absorption (Fig. 2). Exhaust 
fans are already installed in the godowns to pump out 
the high humidity air from inside them. Some success 
has already been achieved in this respect. A 10% 
reduction of relative humidity in a godown after 12 
hours was observed during preliminary trials. This 
experiment established that even a crude dehumidi
fier (commercially available dehumidifiers are very 
expensive) can reduce the relative humidity of the air 
in storage godowns. An optimisation exercise 
remains to be carried out to determine the numbers, 
location, capacity, etc. Suitable modifications of the 
godowns, especially in the design of doors and venti
lators, can enable protection of high humidity grains 
for a limited period, while simultaneously assisting in 
moisture reduction. 

(a) sandwich stacking 

(c) block stacking 

Figure 1. Method of stacking bagged grain: (a) sandwich stacking; (b) window stacking; (c) block stacking. 
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Figure 2. Dehumidifier. 

Preservation of Higb Moisture Paddy at 
Farm Level 

The Indian Grain Storage Institute has also developed 
a high moisture grain storage system which can help 
to reduce grain moisture gradually and store the grain 
safely. The system uses natural draught drying tech
niques for reduction of moisture in the grain. Natural 
airflow and convcction currents of air help dry the 
stored grain if a vortex wind machine, as designed by 
the International Rice Research Institute (IRRI), 
Manila, Philippines, and the Central Institute of Agri
cultural Engineering (CIAE), Bhopal, India, is 
installed in the structure. Alternatively, a blower 
which can be driven either by a small diesel engine, 
electrical power, or otherwise, will accelerate the 
process of reduction of moisture. 

The system consists of two concentric shells, 
cylindrical in shape. The inner shell and its base are 
perforated and the outer shell is plain protective 
sheet. The annular space (0.25 m radial) provides an 
ideal cushion to the variation of ambient parameters. 
The flow of air is further enhanced by static pressure 
(convection) as well as by air movement from areas 
of high relative humidity to these lower values (dif
fusion) (Fig. 3). 

The paddy harvested in the first week of December 
1983, during rain and having a moisture content of 
22%, was loaded into the bin. The paddy was stored 
in the bin for 85 days. Periodic inspections of paddy, 
sample analysis, and recording of ambient and inter
granular parameters were undertaken. The final mois
ture content during unloading was 14.5%. The 
physical analysis of the grain showed that discolora-
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tion was arrested. Organoleptic tests proved that the 
grains were palatable and as acceptable as any other 
grain stored safely. No bad odour or taste was found. 
The chemical analyses carried out on the grain indi
cated that all parameters were within acceptable lim
its. The samples were also studied for fungi and 
mycotoxins. The sample was found to have a myco
toxin contamination level of 20 ppb, 30 ppb being the 
tolerance limit prescribed by FAO for India. The via
bility dropped from 85 to 60% in 4 months, but the 
grain was not meant for seed purposes. 

This design has also been adopted by Indonesia 
where five such bins have been erected. We would 
like to hear more from our Indonesian colleagues 
about the performance of these bins in their country. 

The second-generation bin, of 3 t capacity has two 
concentric metal (G.P. sheet, 24 gauge) cylindrical 
shells with a larger annular space (42 cm) between 
them. It is an outdoor structure erected on a masonry 
pillar foundation. The bin has an outer diameter of 3 
m and a height of 3 m. Optimising the design, it has a 
covered, inclined (15°) outer base to provide for 
drainage of water, discharge of grains in the base, to 
receive solar radiation from solar reflector, and to 
help movement of cold air from drainage port to the 
upper regions of the bin by convection. The base of 
the inner shell is perforated and suspended above the 
outer base at the same 150 angle. The suspension is 
achieved by means of M.S angle 50 x 50 x 6 truss 
design. An inner perforated diagonal pipe is provided 
within the perforated inner bin to help aerate the core 
of the bin (as diameter is large), as well as to help dis
charge wet air into the annular space (at top) of the 
bin and thence into the annular space atmosphere 
through vent holes at the top below the roof overhang. 
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Figure 3. High moisture paddy bin. 

A belt is provided to open or close the vent holes at 
the top (as required for airtightness) during fumiga
tion. Ventilation flaps (four, equispaced around bin) 
are provided at the bottom of the side walls to facili
tate natural airflow into the annular space for effec
tive cooling and scavenging. An inspection door 
enables inspection within annular space and cleaning, 
and facilitates erection of the bin. Manual loading 
through ladders and an inlet cover at the top is pro
vided. Two tubular discharge outlets enable quicker 
discharge by gravity flow. The bin is placed in such a 
way that the incline of the base faces N-S. A solar 
dish reflector (with angle adjustments) is kept at the 
upper side of the base to reflect solar radiation always 
into the projected base of the bin. This will heat up 
the air in the base of the annular space of the bin just 
sufficiently to augment the convection mode of natu
ral air drying. The reflector is lined with 0.075 mm 
thick aluminium foil to improve its reflectivity. 

298 

Results of the experiments conducted for high 
moisture paddy stored in this structure are summa
rised below. 

During the first trial, moisture content was reduced 
from 16.2 to 14% in two days (stored for 11 days), 
while it fell from 21 to 17% in two days, followed by 
a reduction to 13.8% in eight days and was unloaded 
at 12% (after more than two months). The solar 
reflector provided for airflow convection by raising 
the annual air temperature by 2-5°C (depending on 
sun conditions). The moisture was reduced to 15% in 
one week and fell even further to 14% on the 24th 
day. The ambient relative humidity varied between 
63 and 89% while the inter-granular relative humidity 
was 80-90%. Ambient temperature ranged between 
25 and 34°C. The grains were cool, and there was no 
damage due to moisture, no condensation, no moulds, 
and no hot spots observed. Using the solar reflectors 
enhanced the performance. 



Based on the same principles, the Institute also 
developed a non-metallic high moisture paddy bin 
suitable for the northeastem region of the country. 
The results of a trial with this were very satisfactory: 
moisture content was reduced from 17.7 to 13.3% in a 
three-month period without any loss of quality. 

The Institute does not claim that this is a solution for 
all high moisture paddy problems in India. It is only 
meant to supplement the drying activity in the country 
and also to implant the concept of scientific 'drying' 
in farmers' minds. It is interesting to note that some of 
the traditional systems have merits of inbuilt ventila
tion leading to some aeration and natural drying. The 
need for natural aeration has been understood and pro
vided for down the ages. So it is probably unnecessary 
to further emphasise the significance of well venti
lated conventional as well as modern systems in grain 
storage. India has tremendous export potential for 
agricultural commodities, especially rice. If this 
potential is to be properly explored, greater realisation 
of the importance of grain drying will be necessary. 

Development of Mechanical Dryers for 
Farm-level Use 

Various national institutions in India have evolved 
many designs of mechanical dryers using solar 
energy and agricultural waste. The Indian Grain Stor
age Institute had developed some designs which are 
applicable at the farm level. One such design is a fuel 
operated dryer in which conduction material in the 
form of stones is used. No electrical energy is 
required and the construction is very simple. It can be 
done by the village artisans. A drying bin with a per
forated base is constructed from bricks and mud mor
tar. An oil drum is used as an indirect heat exchanger 
which is heated by agricultural waste. The heat 
exchanger is covered with stone pieces which absorb 
heat from the exchanger and retain the energy for a 
long time, so that it is available for drying the grain. 
The heated air enters the dryer by natural draught and 
no forced circulation is employed thus eliminating the 
need for electrical power (Fig. 4). 

The Institute also developed an electrically operated 
blower with an agricultural-waste-fired furnace 
(EBA WFF) I t capacity batch dryer. The dryer has 
three, equidistantly spaced vertical stacks as its drying 
chamber. The drying chamber is linked to the furnace 
with flexible rubber pipes so that the drying chamber 
as a whole can be tilted backwards for easy discharge 
of dried grains. The furnace, which uses agricultural 
waste as fuel, is provided with three pipes which can 
be connected directly to each of the plenum chambers 
through an axial blower. A 50 mm air pipe is con
nected to an air duct-blower system to ensure better 
combusion by fluidisation of the fuel (Fig. 5). 
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Hence, adequate technology is available in India to 
meet fully the drying requirement at farm level. The 
question is one of cost, skill, and incentive to produce 
stable dry grains of high marketable value. 

Designs for solar batch dryers have also been 
developed and tested for their performances in coastal 
areas and northeastern parts of the country where 
high prevailing relative humidity limits the storability 
and drying of food grains. These dryers of 650 kg 
batch capacities incorporate solar cabinet collectors 
(single and double pass types) as well as parabolic 
reflectors (horizontal and inclined) which can be 
adopted with the same holding chamber blower 
regime (1.5 h.p. electric blower). These provide ele
vated, but controlled, temperatures to air for drying, 
varying from 5 to 15°C, and can produce high quality 
dry grain when compared with traditional sun drying. 
Hence, these dryers could be very useful where suffi
cient insolation is available. 

Future Plan of Action 

Minister Jesus Tanchanco rightfully mentioned in his 
opening remarks at the FAO Workshop on Rice Post
harvest Technology held in the Philippines in July 1984 
that commercial aspects of research of grain drying 
should not be forgotten. It is not only biology or phys
ics of the grains and dryers which are important but 
also the socioeconomic considerations, communication 
problems, and designing or re-designing the technol
ogy to suit the needs of developing societies (Khan 
1984). These observations are as relevant to present 
Indian conditions as to any developing country. Hence, 
suitable modifications of available technology may be 
essential for its adoption at field level. Intensive popu
larisation and extension efforts are necessary to con
vince the farmers to adopt drying techniques. 

The Ministry of Food in the Government of India has 
taken the responsibility of postharvest technology 
research and extension activities through the Indian 
Grain Storage Institute and Save Grain Campaign activ
ities covering the length and breadth of the country. 

A cooperative effort is needed at farm level for 
establishing mUltipurpose postharvest technology 
centres in which drying units could be an important 
component. In addition, cleaning, milling, and stor
age facilities could also be installed. Management of 
such units should be done through cooperatives, 
either farmers or marketing federations. The technical 
help in the initial stages could be provided by organi
sations like the Indian Grain Storage Institute and the 
Save Grain Campaign until the cooperatives acquire 
full technical competency. Manilay et al. (1984) 
made a similar observation that organisation of farm
ers into cooperatives or associations could solve the 
problems of volume and capital needed to provide 
drying facilities at farm level. 
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Introduction of incentive schemes for marketing 
and preserving grain will also make quality grain 
available to the consumer. Hence, an integrated 
approach to technologies and extension strategies 
should be evolved so that grain drying at farm level 
becomes a reality. 
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Revisiting Sun Drying of Grain: Widely Adopted 
but Technologically Neglected 

Reynaldo M. Lantin, Bernabe L. Paita and Herbert T. Manaligod* 

THE drying of paddy using the sun is as old as the rice 
culture itself. It is a basic form of postharvest 
processing and, although primitive, it is still the pop
ular method of drying in developing countries. It fits 
into the cultural, technological, and economic situa
tion of present users, namely small-scale fanners, and 
medium-scale paddy traders and rice millers, 

Although widely used, sun drying has been taken 
for granted. Modern mechanical dryers have been 
claimed as technologieally superior to sun drying, 
overshadowing the latter's biggest single advantage: 
it is a free and clean energy souree. Sun drying has 
not received teehnologieal attention to remove its 
defects or deficiencies. Rather, the tendency has been 
to replaee sun drying with mechanical drying. 

FAO (1995) has forecast Asia's output for paddy in 
1995 as 494 Mt. about 4 Mt up from 1994. If, through 
technology intervention, 90% of the paddy were to be 
dried mechanically, and if70.8 kg CO2 were produced 
per tonne of rice in large-scale drying facility (Oida et 
al. 1995), the total amount of CO2 emitted per year for 
drying rice would be about 25.3 Mt. 'n1US, from a glo
bal warming point of view, it would be fortunate if sun 
drying remained as the dominant method of drying. 

In Japan, sun drying of paddy (in the field by hang
ing rice sheaves on wooden frames and in the yard by 
spreading grain on straw mats) was the sole praetice 
until 1930, falling to about 30% by 1972 (Yamashita 
and Ikeda 1985). Greenhouse sun drying began to be 
adopted in 1980 and has been gradually adopted since 
then, along with mechanical drying. 

In the Philippines, riee millers who are forced by 
competition to proeure wet and freshly harvested 
paddy, use the sun drying method as a standard for 
deciding on investing in mechanical dryers. They 
look for comparable simplicity or ease of operation, 
low operating expenses, and low capital costs in pro
spective mechanical dryers. 

* Agricultural Engineering Division, Intemational Rice 
Research Institute, P.O. Box 933, Manila 1099, Philippines. 
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The fact that still more than 90% of paddy locally 
produced and processed in Laguna, Philippines is sun 
dried, attests to the recognised advantages of and 
preference for sun drying (Paita and Lantin 1995). 
The rising labour cost in sun drying and the increas
ing demand for quality rice could be compelling rea
sons for a switch to mechanical drying if the sun 
drying method is not improved. 

Previous Research on Sun Drying 

Research on the technological aspects of sun drying 
has dealt with the following topics: design of a 
wheeled rake (Kumaresan et al. 1995); modelling of 
the sun drying principle (Suhargo et al. 1994; Elepano 
1991); detennining optimum grain thickness and sun 
drying weather probabilities, and mechanising grain 
stirring (Gayanilo 1988); grain losses, quality deterio
ration, and paddy stack temperature rise in field crop 
drying (Bockhop 1984); and effectiveness of drying 
surface materials (Khan 1973). 

In the Philippines, comparative cost studies of sun 
drying versus'mechanical drying for dry and wet sea
sons (Bonifacio et al. 1990) showed the superiority of 
mechanical drying when direct and indirect costs 
(quality and quantity losses) were considered in the 
computations. In a case study, Phan Hieu Hien (1991) 
reported that direct costs of sun drying were lower than 
those of the mechanical flat-bed dryer. Tolentino et al. 
(1990) proposed alternatives to highway sun drying. 

Problems of Sun Drying and Local 
Improvements Made 

The major problems in sun drying involve weather 
risks, losses, and high labour costs. Some details and 
improvements made are described below. 
I. Ineffective sun drying during rainy weather. Pro

tection against rain must not only be in place, but 
also drying of the grain must proceed to avoid 
spoilage. Water must be drained quickly and 



completely. Some of the indigenous methods 
farmers and rice-mill operators employ to protect 
the paddy from rain are canvas or plastic sheet 
covers on grain piles or bunds, large-capacity 
scoops and solid board rakes for quick paddy 
retrieval , and a tractor-powered payloader or 
bulldozer for mechanising grain collection. 
Crowned, corrugated, and peripherally drained 
pavements have been designed to shed and drain 
rain water easily. 

2. Lack of control in drying process resulling in 
gra in overdrying and fissuring. Sun drying is dif
ficult to control in terms of temperature and 
exposure time of the grain at hi gh temperatures . 
Some of the loca l techniques for attaining uni
fo rm grain drying are periodic raking of paddy 
ridge and pavement fu rrow or corrugated thin 
grain layer, progressive paddy layer thinning, and 
using a corrugated pavement. 

3. Limited capacity. The recommended 4 cm thick
ness of the grai n bed to effect fast and uni fo rm 
sun drying of paddy limits the amount of paddy 
to be dried on a given pavement size. Some 
small- to medium-scale rice mill s solve the lim
ited space problem by contracting drying to 
groups of labourers who have access to paved 
areas, like streets of housing areas and even high
ways. Thi s sol ution brings forth secondary prob
lems and is to be considered as a stop-gap 
measure. 

4. Labour-intensive and low-productivity nature of 
sun drying. Few loca l improvements have been 
made to increase labour productivity except in 
large rice mills where grain retrieval is mecha
nised. 

5. Sun drying on roads and highways. This practice 
is hazardous and is normally prohibited. The 
National Post Harvest Institute for Research and 
Extension (NAPHIRE) in the Philippines is sup
porting farmers' cooperatives by providing tech
nical and financial assis tance for two-stage 
drying and mUlti-purpose sun drying pavements 
as alternati ves to highway sun drying. 

6. Limited drying floor space. Paddy drying at the 
fa rming household level has never been improved. 
Plastic nets or bamboo or woven palm leaf mats 
are used as underlays for sun drying small quanti
ties of paddy on the yard or street shoulder. 

7. Hygiene problems. Stones, dirt, other seeds, 
debris, fowl and animal excreta, perspiration by 
workers, feet with skin diseases or wounds, and 
even toxic chemicals may contaminate the paddy 
grains while they are being dried. The degree of 
hygiene observance in sun drying depends upon 
the attitudes of the labourers and of the trader or 
rice-mill o perators contracting them. This aspect 
of sun drying has received insufficient attention . 

303 

Engineering Innovations for Improving 
Sun Drying-Applications 

So fa r, engineered innovations to improve sun drying 
or to correct its inherent defects are few and far 
between. The foll owing machines are intended to 
increase labour productivity and to cope with the 
need for quick grain retrieval when rain is imm inent. 

(a) Pavement grain col/ector (Fig. I). Designed by 
IRRI (Manaligod and Quick 1989), the machine 
was tested and modified by the Central Luzon 
State University (Santiago 1991 ) and is being 
pil ot test eel in rice mills by the Philippine Rice 
Research Institute (PhiIRicc). 

Figure 1. The pavement grain collec tor designed by IRRI. 

(b) Grain suction-blower. The pneumatic principle 
embodied in a commercial unit meant for various 
grai ns may be adapted to rapid ly collect and 
spread paddy. The high power req uirement , ini
tial cost of the machine, and the rapid wear of 
grain-contacting parts may hinder its adoption by 
the intended users. 

(c) Multi-purpose yard drying implement (Kumare
san et al. 1995). This wheeled rake with different 
attachments is pushed by two workers over the 
grain bed to stir the grain . 

Engineering Innovations for Improving 
Sun Drying-Concepts to Pursue 

The following concepts to solve the major problems 
in sun drying may be the subject of future research in 
sun drying of paddy: 



(a) Protection from rain. A movable roof or canopy 
may be made of clear plastic to reduce material 
costs and at the same time to trap solar radiation. 
It may be telescoping, collapsible, or retractable, 
wheeled so as to move readily on rails or pave
ment, and with separable sections to protect 
paddy collected and piled at selected spots on the 
pavement (Fig. 2). 

(b) Attainment of uniform drying, prevention of over
heating and overdrying, and coping with overcast 
periods and rainy weather. Evenly dried paddy 
may be achieved by mechanised stirring. In a 
more sophisticated design, stirring may be auto
mated using microprocessors. Conceptually, the 
sun-drying pavement itself is like a mechanical 
dryer in which the bin is horizontally expanded. 
The configuration, however, requires a different 
scheme whereby supplemental heat from a rice
hull gasifier is introduced only during overcast 
periods. For all-weather operation and all-time 
drying, a clear plastic canopy, which can be 
rolled or folded, will protect the grain from rain. 
The principles of low-temperature on-pavement 
drying and storage system will be applied. The 
following schemes integrate the provision of sup
plemental heat with the sun-drying operation: 
(i) Flame drying using a rice hull gasifier. An 

engine- or motor-powered mobile device 
consisting of a gas-fired burner, a blower, 
and a set of grain stirrers, will initially run 
rapidly across the grain bed surface to skin
dry and sterilise the paddy. Afterwards, only 
heated air is blown through the stirred 
paddy. This concept is shown in Figure 3. 

Figure 2. Movable roof on stationary framework. 
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(ii) Partially perforated floor for heated air. A 
thick bed of moist paddy is spread on rows 
of perforated plastic pipes embedded in the 
pavement or on rows of perforated metal 
sheets over built-in channels. Heated air 
from a burner fuelled from a rice-hull gasi
fier is blown through the pipe or channel to 
dry the grain. This concept is shown in Fig
ure 4. 

(iii) Condensed moisture absorption. Wheels 
lined with absorbent material are attached to 
the rake or grain turning device. After the 
ridge is turned over and shoved to the dried 
pavement furrow the wheels are rolled over 
the wet pavement to absorb the moisture 
condensed underneath the paddy ridge. The 
absorbed water will be squeezed out at the 
end of the run or on-the-go. This technique 
may be studied or modelled. 

(iv) Circular drying pavement with weather 
chamber. This concept takes advantage of the 
higher efficiencies and easier automation 
involved in circular travel of the devices for 
paddy spreading, stirring, aerating, collecting 
and supplemental heat application, and the 
sensing instruments, compared with back
and-forth travel over rectangular-shaped 
pavements. A variant is to use only a portion 
of the existing rectangular drying pavement 
to reduce costs. The system could be made 
portable for field use. Studies of the design 
parameters and models of the circular pave
ment concept may be undertaken. The hybrid 
design concept is illustrated in Figure 5. 



Figure 3. Flash drying of wet grain during rainy or cloudy weather. 
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Figure 4. Supplemental heat for rain-protected sun drying pavement. 
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Figure 5. Circular drying platform with weather chamber. 

Other Sun Drying Concepts for 
Adaptation 

(a) Tunnel drying. Developed by the University of 
Hohenheim, Gernlany, this sun drying technique 
for high-valued crops is considered too expensive 
for rice. Certain features, however, may be stud
ied for adaptation. 

(b) Fully automated sun drying. This concept by Sato 
(1993) emphasises the reduced carbon dioxide 
emission from a solar drying facility. A 10 cm 
thick layer of paddy with 24% initial moisture 
content is sun dried on a 5 x 50 m concrete floor 
covered with vinyl sheet. Paddy is stirred and 
conveyed by electric motor-driven devices. The 
system is calculated 10 emit only one-tenth as 
much carbon dioxide per tonne of rice as in a rice 
centre or large-scale drying facility where 53.3 kg 
COil of rice comes from burning kerosene and 
17.5 kg C02/t of rice comes from using electric
ity which is generated using fossil fuels. The con
cept is shown in Figure 6. 

Farm-level Drying 

There is debate as to whether drying technology 
should be in the hands of only traders and millers 
who can achieve economies of scale. This would put 
the famlers in a situation where they cannot add value 
to their paddy before marketing it, and some schemes 
to reverse this situation, like cooperative drying and 
contract drying, have been formulated and promoted. 

The lack of sun-drying pavement or space should 
no longer be a constraint to sun drying by farmers. 
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They can use their harvested dry fields for technolog
ically improved sun drying by using bamboo mats or 
fine plastic nets on straw underlay. A bonus is that 
weeds will be controlled. 

If the problems of labour-intensiveness, rain, and 
lack of supplemental drying means are solved by 
adaptation of the concepts described above, the solu
tions could in turn be adapted at the farm level 
through farmers' associations or cooperatives, These 
are challenges for engineers, social scientists and 
economists working together to develop innovative 
systems so that farmers' incomes can be improved 
through achieving an increased share of the return 
from their marketed rice product. Using sun drying as 
the base system, the solutions will no doubt be also 
environmentally benign. 

Future Steps 

The IRRI Engineering Division seeks to collaborate 
with the postharvest institutes or engineering units! 
centres of the National Agricultural Research Sys
tems (NARS) in the developing countries, and with 
the advanced engineering laboratories in developed 
countries regarding research and technology develop
ment related to sun drying. 

IRRI and NARS can work together as partners in 
formulating research and development proposals to 
donors. Existing networks, such as the Crop and 
Resource Management Network (CREMNET) of 
IRRI and the Regional Network for Agricultural 
Machinery of UN/ESCAP, may be utilised under 
suitable arrangements. 



SIDE VIEW 

111111111111 i i i I i 
workshop drying house 

Figure 6. Rice drying faciHty using solar heat. 
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A Low-cost In-store Grain Dryer for 
Small Farmers 

Le Van Ban, Bui Ngoc Hung, and Phan Hieu Hien* 

DRYING paddy harvested during the wet-season in 
Vietnam is an urgent problem that must be solved if 
losses due to grain deterioration are to be reduced. 
Current dryers used in Vietnam are of medium size 
and suitable only for areas with fairly large production. 
Smallest among these is the popular flat-bed dryer, 
with about 600 units currently in use in the Mekong 
delta; these dryers are used under a contractor's system 
for farmers having 1-2 ha of land. For the majority of 
small farmers cultivating less than 0.5 ha (as in Ho
Chi-Minh City suburbs, Tien-Giang and Ben-Tre 
provinces of the Mekong delta, southeastern prov
inces, central coast, and northern provinces), dryers so 
far have not been been cheap enough to be accepted. 

In recent years, rural electrification in Vietnam has 
been accelerated. Major new hydropower plants 
amply supplied with water during the rainy season are 
providing more energy to the agricultural sector. For 
exam plc, in Thai Binh, a major rice-producing prov
ince in the Red River delta in the north, power lines 
have reached all villages. 

A 'very low-cost dryer', called SRR-\, has been 
developed at University of Agriculture and Forestry 
(UAF), Ho-Chi-Minh City, to meet the needs of small 
farmers with scarce finance, who live in areas where 
electricity is available. 

Materials and Method 

Design ofSRR-l dryer 

The design of the SRR-I dryer is based on the prin
ciple of low-temperature in-store drying. This tech
nology has long been applied in temperate climate 
countries, and was introduced into Asian countries 
some years ago (Kim et al. 1989). Tests at the Inter
national Rice Research Institute showed that paddy at 
high moisture content (26% wet basis) could be dried 

* University of Agriculture and Forestry. Thu-Doc. Ho
Chi·Minh City. Vietnam. 
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in one stage to 14% without adversely affecting grain 
quality (Muhlbauer et a1. 1992; Gummert 1994). 

The dryer (Fig. I) has three components: a two
stage axial fan; an electric heater; and a bamboo-mat 
drying bin. 

1.1 

• 1-.:.-..p-~"""l7 Bamboo 
mat 

---- 01.5 m---_ 

Figure 1. Construction of SRR·) dryer. 

The drying bin consists of two concentric bamboo
mat cylinders 0.4 and 1.5 m diameter, both l.l m 
high. The inner cylinder is supported by a frame made 
of6 mm steel wire. The bin can hold I t of paddy. 

The fan is driven by a 0.37 kW (0.5 h.p.), singJe
phase, 2800 rpm electric motor. Two 350 mm-diameter, 
7 -blade rotors are mounted on both ends of the motor 
shaft and inside a steel casing. The plastic rotors are 
locally made, and readily available in the market as a 
spare part for car radiators. The fan is positioned on top 
of the inner bamboo-mat cylinder. The fan performance 
curve from testing is shown in Figure 2. At 4{)() Pa static 
pressure, the airflow is 0.3 m3/s. 
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Figure 2. SRR-J fan perfonnance curves. 

The heater is a 1000 W resistor from an electric 
stove; it is mounted beneath the lower rotor. Supple
mental heat from the resistor is used selectively at 
night or during continuous rain. 

Experimental 

Operation 

The SRR-l dryer was installed at Bay Tu rice mill 
in Long An Province and was tested on four batches 
of paddy during the 1995 wet-season harves£. 
Between 10 August and 10 September 1995, 15 units 
of the SRR-\ were installed for paddy drying in Ho
Chi-Minh City and Long An, Tien Giang, Oong Nai, 
and Hue provinces_ On the basis of local weather 
data, and to reduce energy consumption, the dryer 
was operated as follows: 
• Day time (from 8 a.m. to 6 p.m.). The fan is turned 

ON, and the resistor (heater) is OFF. 
• First night. With fan ON, the heater can be option

ally ON or OFF. If the heater is used, the drying 
time is reduced, but energy consumption is higher. 

• Second nigh£. Both fan and resistor are ON, 
because without supplemental heat, paddy near the 
inner cylinder might be low enough to be rewetted 
by ambient air, which has relative humidity of95% 
or more. 

• Third, fourth night. Both fan and resistor are turned 
OFF. Paddy moisture content has been reduced to a 
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level low enough to permit delaying further drying 
until the next day time, when the heat content of 
the air can be used. 

Test procedures 

The following measurements were made at Bay-Tu 
Rice Mill: drying time, energy consumption of the fan 
and heater, and moisture content of the grain at six 
locations in the dryer (Fig. 3) at set intervals. Instru
ment used were a balance, a watt-hour meter, a timer, 
and a Kett moisture meter. 

A Fluke datalogger was used for monitoring tem
perature variation at various points in the grain mass, 
and in the plenum chamber. Ambient dry and wet
bulb temperatures were recorded. A total of 11 chan
nels was used. 

Head rice recovery was analysed in the Postharvest 
Laboratory of UAF with standard equipment. 

Results and Discussion 

Results from the drying of four batches of paddy at 
Bay-Tu Rice Mill are summarised in Table I. 

Moisture reduction 

The course of moisture reduction in the paddy is 
plotted in Figures 4, 5, and 6. PI, P2, P3 are the sam
pling points in the paddy in the circular drying bin; 
Ll and L2 are the inner and outer layers of the paddy 
(see Fig. 3). 



Table 1. Results from testing the SRR-I dryer at Bay-Tu Rice mill, 20 July-30 August 1995. 

First batch Second batch Third batch 

Loading date 20 July 28 July 18 August 

Unloading date 24 July 2 August 24 August 

Initial weight of paddy, kg 963 1006 1004 

Final weight of paddy, kg 867 845 835 

Water removed, kg 96 161 169 

Average moisture content 

Initial, % wet basis 20.0 26.0 29.0 

Final, % wet basis 13.6 14.5 14.5 

Drying time, hours 60 84 98 

Energy consumption 

Fan,kWh 35.8 56.0 63.6 

Heater, kWh 66.3 12.0 26.5 

Diesel fuel, La 3 1.5 

Specific energy requirement, 1.06 0.42 0.53 
kWhlkgH20 

a For running back-up generator during power interruption (for testing only). 
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Figure 4. Moisture reduction of paddy by SRR·I dryer: second batch, 28 July-2 August 1995. 
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Figure 5. Moisture reduction of paddy by SRR1 dryer: third batch. 18-24 August 1995. 

26 

24 

~ 22 
~ 
"'--
C 20 
ID 
C 18 0 
u 
~ 16 
:::J 
'iii 14 "0 
::;;: 

12 

10 
0 12 24 36 48 60 72 84 

Drying time (h) 

Figure 6. Moisture reduction of paddy by SRR1 dryer: fourth batch, 25-30 August 1995. 

From the plots, it can be seen that high-moisture 
paddy (> 26%) can be dried to 14--15% within 4 days. 
The moisture differential between various points in 
the grain mass was within 1.5%. 

Temperature variation 

Figure 7 shows typical variation in temperature 
during drying of a batch of paddy. It can be seen that: 
• peak temperatures corresponded to near and after 

midday; and 
• the average difference between plenum and ambi

ent temperature was about 2°C. 

Head rice recovery 

Figures 8 and 9 show the milling recovery percent
age of two batches (18-24 August and 25-30 August). 
Head rice recovery was comparable to shade drying. 
The difference in head rice recovery between the two 
batches was due to the varieties and quality of the input 
grain. With good, freshly harvested paddy (Fig. 8), 
there was an increase in head rice of about 2%. 
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Investment and drying costs 

Table 2 gives an estimate of the SRR-1 investment 
cost, using prices in October 1995 at Ho-Chi-Minh 
City. 

A dryer worth US$55 holds the record for the low
est-cost mechanical dryer in Vietnam (SRR stands for 
'very cheap dryer' in Vietnamese ). 

The drying cost was calculated with data and 
assumptions listed in Table 3. 

The calculated drying cost of 65600 VND/t 
(US$6.00/t) is acceptable to farmers in places where 
the dryers have been installed. 

The benefits of using the SSR-1 dryer can be 
summarised as follows: a higher selling price of 
US$2.50/t due to increased head rice; a labour sav
ing of $2.50ft (either as labour rent, or opportunity 
cost of the owner); no investment needed in sun 
drying yard costing $150/t; and an insurance of not 
losing paddy at $10-20ft due to quality deteriora
tion. 
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Table 2. Estimated investment cost of SRR -I dryer. 

Item VNDa US$ equivalent 

Electric molor 300000 27 

Fan and heater assembly 150000 14 

Bamboo-mat and accessories 150000 14 

Total 600000 55 

• During October 1995. ca 11000 Vietnam dong (Vl'<'D) US$I. 

Table 3. Data and calculation of drying cost. 

Data 

Capacity 

Investment 

Lifc 

Interest rate 

Electric power consumption 
(total) 

Electric power price 
(for household use) 

Depreciation and repairs 

Interest 

Electric power 

Total 

1 t/(80-h batch) (28% m.c. 
(wet basis) to 14%) 

600000 VND 

3600 hours (= 5 years x 
30 days/year x 24 hlday) 

23%/year 

80 kWhlbatch 

550VND/kWh 

14000 

7600 

44000 

65600 VND/t 
= US$6.00/t 

a During Octcber 1995, ca 1I 000 Vietnam dong (VND) = 

US$1. 
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Conclusion 

The testing and actual use of the SRR -I dryer showed 
that it has met the needs of small, cash-starved farm
ers for a dryer with adequate capacity, high quality of 
dried grain, and reasonable drying cost. From enthu
siastic responses, comments, and inquiries by hun
dreds of farmers throughout central and southern 
Vietnam in six weeks since the design was released, 
we anticipate that in coming years, thousands of 
SRR -I dryers will be in the service of these small 
farmers. 
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The Present Situation and Directions for 
Development of Grain Drying in China 

Li Huojin* 

CHINA'S grain production is large, approximating 450 
Mt per year. Most types of grain and oil seeds are 
grown, including rice, wheat, maize, and soy beans. 
The major grains are maize in the north, wheat in the 
central zone, and rice in the south. When harvested, 
grain may have high moisture content. In the northeast, 
early frost results in moisture contents (m.c.) al harvest 
that can reach 20-40%. In the south, rain results in 
grain moisture levels of 17-20%. In order to store the 
grain safely and avoid fermentation and loss, it is nec
essary to reduce the moisture content to a safe level. 

In China, grain drying is classified as natural and 
artificial. Natural drying is of greatest importance and 
makes use of sunlight and wind. Man-made drying 
accounts for only 10% and makes use of dryers and 
mechanical ventilation. 

Current Drying Technology and 
Equipment 

Infrastructure for training and research 

The Chinese Government pays considerable atten
tion to training and research on the technology of dry
ing grain. There are special agencies engaged in this 
teaching and research. In the Department of Storage 
and Transportation in the Zhengzhou Grain College 
some professors specialise in teaching and studying 
the discipline. The office of grain drying in the 
Zhengzhou Grain Scientific Research and Design 
Institute specialises in the technology of drying grain. 
A special fund is available for study of the technol
ogy in China. During the fifteen years covering the 
sixth to the eighth five-year-plans, such studies have 
been designated a key task for science and technol
ogy at the national level. These activities are well 
funded. 

* Department of Storage and Transportation, State Admin
istration of Grain Reserve. Ministry of Internal Trade, 45 
Fuxingmennei Street, Beijing 10080 I, China. 
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Equipment for drying grain 

Grain drying machines in China are classified into 
three types according to the system used - (I) dry
ing; (2) aeration and condensation; and (3) grain cool
ing. The aeration and condensation system is used in 
southern China. For grain at 40% m.c., mechanical 
aeration and condensation is used. 

Depending on the air flow direction, the equipment 
may be located beneath the storage, in the space 
above the grain, or in cross-flow configurations. 

Forced air drying using heated air has been devel
oped also in the south of China. Computer models can 
be used particularly with the aeration and condensa
tion sYstem to increase the efficiency of drying and so 
conse'rve energy resources. This is being promoted in 
the grain industry nationally. Forced air drying with 
refrigerated air is under development. As a result of 
all these developments, grain drying in Heilongjiang, 
Fujian, and other places is more efficient and uses 
less energy. 

The important types of equipment are as follows: 

Tower dryers 

Tower dryers are the most common and have 
widest distribution throughout China. They repre
sent 32% of the total dryers available. They are 
used for drying high moisture maize and soybean in 
the north of the country. They usually consist of 
three heating towers in series connected with one 
cooler tower. 

Steam dryers 

These dryers are used for high moisture maize 
and soybean. They include four heater towers in 
series connected with three cooler towers and nec
essarily are large. The heat energy for drying is 
supplied by steam and transmitted to the grain by 
conduction. 

Multi-pass dryers 

These dryers are used to dry maize and soy bean, as 
well as wheat and cereal. 



Rotary sleeve dryers 

These dryers are used principally for cereals. The 
capacity is 15 tons/hour. The grain being dried is uni
form and quality of grain and heating efficiency are 
assured. 

Concurrent dryers 

These dryers are suitable for high moisture grain 
where the moisture content is over 20%. The rate of 
drying is great. They are used efficiently in Huabei 
(central) and Dongbei (north-east) zone of China. 

Fluidised bed dryers 

These dryers are present in large numbers and 
widely distributed in China. They represent 33% of 
all dryers. They are used to dry wheat, maize, soy
bean, as well as other grains, rapeseeds, etc. They are 
also used for preheating maize. 

Stationary bed dryers 

These dryers are classified as stacked deck dryers, 
two-way vaporisation dryers, multi-deck dryers, and 
cross-flow dryers. Other types exist. 

Technology of drying grain 

The major fuel used in dryers in China is coal and 
cereal shells. Liquid fuels and steam conduction heat
ing cannot be used as in developed countries. Much 
of the technology is local, with little imported from 
overseas. This has resulted from the availability of 
coal as the energy source and the dependence of 
imported equipment on liquid fuel or steam. Modifi
cation of the drying equipment is under consideration 
to overcome these constraints. 

Technologics for drying grain have not received 
priority China in recent years, but developments are 
accelerating. Nowadays, the typical technologies are 
as follows: 

(i) Single machine technologies - loading. drying 
as with rotary dryer, and cooling by aeration in 
silos or by use of cooling towers. These are used 
mainly for cereals. 

(ii) Drying with flow-through preheating loading, 
predrying (fluidised bed dryer), drying (multi
pass dryer), and cooling (cooling tower). This is 
used for high moisture maize. 

(iii) Drying with three stages connected in series -
loading, drying (concurrent dryer), drying 
(multi-pass dryer), and cooling (cooling tower). 
These dryers are used for high moisture maize. 
Experiments have shown that moisture of maize 
may be reduced to 14.5% from 30% by using 
this technology. 
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Factors Affecting Artificial Grain 
Drying in China 

Very little grain is artificially dried in China. Factors 
influencing use of dryers are as follows: 
(a) Resources and personnel available at present 

dictate that natural drying can save energy and 
costs. 

(b) The management skills of workers and small 
farmers is low. Natural drying and drying in the 
sun ean resolve most of their problems satisfac
torily. 

(c) Specialised drying equipment is required for 
large scale handling and storage of grain but the 
requirements of efficiency, quality of product, 
selection of energy resources, and costs of dry
ing are not met so adoption is limited. 

Directions for Further Development 
of Grain Drying in China 

There is sufficient equipment for drying grain in the 
north of China, but it needs to be renewed and mod
ernised. There is little equipment for drying in the 
south. Because cereals prices have increased recently, 
and drying the grain is now cost effective, there is an 
increasing requirement for grain drying equipment. 
As yields of grain increase, technology improves, and 
the social economy develops, artificial drying of 
grain will increase in China at the expense of natural 
drying. The government is paying attention to the 
theory of artificial drying, including the technology 
and equipment involved and modelling of drying sys
tems. It attaches great importance to development of 
this technology and equipment. As a consequence, 
there is considerable market potential for the technol
ogy of artificial drying of grain and associated equip
ment in China's grain industry. 

The requirements of equipment for drying grain are 
as follows: 
(a) Equipment for aeration that is economical in 

terms of energy resources and suitable for auto
matic control. 

(b) Coal should be the energy resource of the dry
ers. It saves other energy resources and is very 
efficient. 

(c) The grain must be dried evenly, breakage must 
be minimal, and costs low. 

(d) In the southern cereal-producing zone in China, the 
dryers must be suited to local conditions. They 
must prevent breakage from heating and be adapta
ble to different kinds of fuel including husks. Cur
rently their price must match the industries' needs 
and the equipment must be small and mobile. 

(e) The cost of the equipment must be low and it 
must be economical in operation. 



The Development of Artificial Drying of Paddy 
in Malaysia 

LooKau Fa* 

DURING the period in the late sixties and seventies, 
rice production in Malaysia had undergone rapid 
expansion mainly due to various government inputs 
such as irrigation and drainage facilities, the introduc
tion of modem high yielding varieties of paddy, and 
the adoption of double-cropping practices. As a result 
of these concerted efforts, the country which once 
used to import some 45% of its rice requirements, was 
able to achieve a self sufficiency level of about 85% at 
one stage. Since then the rice production has consoli
dated with government efforts concentrated on the 
eight granary schemes involving estimated planted 
area of 639,000 hectares with paddy (rough rice) pro
duction recorded at 1.78 Mt in 1993. 

Drying Constraints 

The advent of double cropping brought a substantial 
increase in wet paddy production during the off sea
sons which caused serious constraints to the local rice 
industry. The moisture content of the freshly har
vested paddy typically ranged from 21 to 24% with 
some even higher in off-seasons. 

During the off-season the drying problem is more 
acute as invariably the harvesting of the second crop 
occurs in the rainy season and the opportunity for natu
ral sun drying at the farm or mill level is limited. Artifi
cial drying is very much needed at such time to prevent 
deterioration as paddy at high moisture level if not 
dried within 48 hours after harvest, will undergo rapid 
biD-deterioration resulting in kernel discolouration or 
stack bum and poor milling yield. . 

When double cropping began, commercial rice 
mills were heavily dependent on natural sun drying 
and artificial dryers were quite rare with the excep
tion of a few private mills in the Province Wellesley, 
Penang, which were among the first to invest in artifi
cial continuous flow dryers. Incidentally, the mills in 

* Padiberas Nasional Berhad (BERNAS), Shah A\am, 
Se\angor. Malaysia. 
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Province Wellesley are closest to the Krian District 
which was the earliest paddy area to adopt double
cropping. 

Faced with the inadequacy of drying facilities and 
the marked increase in paddy output as a result of 
double-cropping, the government through FAMA 
(prior to the formation of the NAPRA, National 
Paddy and Rice Authority on 20 September, 1971) 
and the NAPRA, embarked on the construetion of the 
large capacity centralised paddy drying complexes 
which were initially aimed at catering for some 70% 
of the increase in wet paddy output in the various 
scheme areas. This target was later revised to a lower 
level of 50%. Apart from providing adequate drying 
facilities for paddy farmers, these complexes were to 
enable the Authority to implement the Government 
Guaranteed Minimum Price policy effectively by 
purchasing paddy directly from the farmers. 

Initially, after drying, these complexes still faced 
difficulty in disposing the dried paddy as the existing 
mills were unable to absorb the extra dried paddy 
even at a price premium of RM2.00/picul above the 
then prevailing paddy price of RM 16.00/pieul 
(US$105.00/tonne). Subsequently, some of these dry
ing complexes were converted to fully integrated 
complexes with addition of milling facilities in order 
to allow the surplus paddy to be milled either for the 
stockpile or for trading. 

As artificial drying is an expensive undertaking 
both in term of initial capital outlay and operating 
cost, it is best undertaken by the mills rather than at 
the farm or village leveL Moreover, the Authority 
believes that the cost of drying should form part of 
the rice processing cost which is incorporated in the 
pricing of milled rice marketed to the consumers. 

Available Drying Technologies 

Generally, artificial drying systems that are available 
and utilised in this region are: 
(a) The LSU continuous mixed flow dryers with 

throughput capacity of 10-25 tlhour. 



(b) The inclined bed batch dryers with drying capac
ity of 20-50 t!batch. 

(c) The Japancse batch type grain recirculating dry
ers of capacity 3 t!batch. 

(d) The conveyor type continuous flow dryers of 
throughput capacity of 10 tfhour. 

Presently, only the first two types of dryers are 
widely used by the local mills. Hence the ensuing dis
cussion will concern only the LSU continuous mixed 
flow dryers and inclined batch dryers. 

The LSU Continuous Mixed 
Flow Dryers 

Continuous flow dryers may be of varying construc
tion but many that are adopted locally are of the 
'Louisiana State University design' i.e. the LSU type. 

In order to minimise the effective depth of drying, 
the whole dryer column is made up of a series of 
inverted V -shaped ducts channelling the artificially 
heated air into the mass of wet paddy and channelling 
the moisture laden air out of the dryer. The intake 
ducts and exhaust ducts are placed in alternate layers 
at a spacing of 30 cm centre to centre in staggered 
formation which are open into the hot air chamber or 
exhaust chamber respectively. 

During drying, paddy descends slowly by gravity 
action through the dryer column while the hot air is 
forced through the wet paddy from the intake ducts 
into exhaust ducts, either by suction or blower fans. 

Because of the alternate arrangement, each intake 
duct is surrounded by four exhaust ducts or vice-versa, 
as a result of which hot air travels through paddy 
towards all these four exhaust ducts. Consequcntly 
some of the air moves against the paddy stream, some 
moves with it while the rest moves across it. Hence, 
this has given the dryer its name 'mixed flow'. 

Heat is added to the drying air with the aid of a die
sel oil burner. Typically, air temperatures used to dry 
paddy range from 55 to 6()OC. High grain kernel tem
perature during drying must be avoided at all times so 
as to reduee the effect of stress craeking and subse
quent breakage susceptibility during milling which 
will lead to poor head rice yield. 

The grain flow through the dryer is controlled by 
the speed of the discharge auger or oscillating rockers 
located at the bottom of the dryer. The rate of grain 
flow determines the retention time of grain in the 
dryer which together with the drying air temperature 
selection will regulate the amount of moisture 
removed in each pass of drying. In the continuous 
flow dryer a mUltipass procedure is followed to avoid 
excessive drying stress. During each pass, the paddy 
is exposed to heated air for some 45 minutes and only 
about 2-4% of moisture is removed. Between drying 
passes, the paddy is moved from the dryer to a tem-
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pering bin where the moisture within the grain is 
allowed to equilibrate for some 8 hours. For a contin
uous flow dryer to function effectively and effi
ciently, it must be provided with adequate grain 
handling facilities, tempering bins, paddy cleaners, 
and a dust control system. 

The bulk of artificial dryers in the public sector 
mills are of the LSU type. Typical performance of 
such a dryer is as shown in Table 1. 

Table 1. Typical drying performance of a LSU dryer. 

Setting 1st 2nd 3rd 4th 
Pass Pass Pass Pass 

a. Initial moisture (%) 24.5 20.5 17.5 15.5 

b. Outlet moisture (%) 20.5 17.5 15.5 14.0 

c. Moisture reduction (%) 4.0 3.0 2.0 1.5 

d. Drying air temperature (QC) 55 55 60 60 

e. Ambient temperature rC) 30 30 30 30 

f. Grain inlet temperature (0C) 30 30 30 30 

g. Grain outlet temperature (QC) 35 38 40 40 

h. 25 25 29 27 

Inclined Bed Batch Dryers 

The inclined bed batch dryer is similar to an earlier 
version of the flat-bed batch dryer except that its dry
ing floor is inclined at an angle of about 37-40° from 
the horizontal. 

This inclined arrangement is primarily to facilitate 
the subsequent discharge of paddy upon completion 
of drying. Larger inclination of the drying bed would 
certainly speed up grain discharge but it would also 
result in less uniformity in grain depth because of the 
effect of the grain's angle of repose. 

The bottom section of the dryer is made up of an air 
plenum chamber which is connected to a centrifugal 
fan. The top of the plenum chamber is covered by wire 
mesh or perforated screen which serves as a false floor 
for the drying bed. Drying air which is slightly heated 
above ambient to the region of 38-42°C is distributed 
through the perforated screen. The normal source of 
heat input is by means of a diesel burner. 

For ease of construction, each inclined bed batch 
dryer is normally constructed in two equal halves 
with opposing sloping floors with a capacity ranging 
from 20 to 50 tlbatchlset. 

The drying time per batch is around 14-20 hour for 
moisture reduction from 21 to 14% at a moisture 
removal rate of 0.50 to 0.75%/hour. The biggest 
problem associated with this form of static batch dry
ing is the moisture gradient that occurs across the 
depth of grain. To minimise over-drying of the bot
tom layers of grain it is best to limit grain depth to 
about one metre. 



Unlike the public seetor mills, private rice mills 
when investing in artificial drying facilities have dis
played a marked preference for the smaller scale, batch 
type dryer. From the miller's standpoint, batch dryers 
offer greater flexibility in tenns of the degree of mech
anisation to be adopted subject to budgct requirements. 
In the early days, some millers installed flat bed batch 
dryers to supplement their drying needs, particularly 
during the off-season while they continued to depend 
on sun-drying which was less expensive whenever 
weather pennitted them to do so. Currently, with the 
wide adoption of farm mechanisation, the harvest 
period is now very much shortened. This is further 
compounded by the severe shortage of farn1 labours 
especially during the harvesting season. The traditional 
practice of sun drying is practically phased out. At the 
same time, almost all existing manually opcrated flat 
bed batch dryers are replaced by inclined bed batch 
dryers which allow a larger extent of mechanisation 
both in feeding and discharge operations. Generally, a 
group of inclined batch dryers is provided with a com
mon intake hopper complete with a simple reciprocat
ing cleaner to enable removal of large impurities such 
as straws from the paddybefore loading into the dryers. 

Effect of Farm Practices on 
Drying Needs 

Size of dryers 

In tandem with technological progress in other sec
tors of the economy, the local rice industry over the 
years has adopted modernisation in its various facets of 
operations, beginning with fann mechanisation in land 
preparation, crop establishment and care until harvest
ing with large capacity combinc harvesters. This has 
included modem fann practices, planting of high yield 
varieties of paddy, and el1icient utilisation of irrigation 

water, together with conversion from bag to bulk han
dling of harvested paddy. By choice or otherwise, all 
these changes have tremendous impacts on the han
dling of in-coming wet paddy at the mill level. On a 
seasonal basis, a particular locality may not experience 
a spectacular increase in total paddy production. On a 
daily basis, however, the pattern of paddy output under
goes tremendous changes, simply due to the fact that 
the harvesting period which previously lasted some 35-
70 days has now been telescoped to between 14 and 21 
days, resulting in much larger daily deliveries of wet 
paddy to the mills. 

The handling capacity of a dryer installation is 
dependent on its daily drying capacity and the effec
tive period of utilisation in a season. The shorter har
vesting period renders the dryers which were adequate 
before, inadequate in the new situation. This phenom
enon affects both the public sector and the private sec
tor mills. Its cost implication could be easily realised 
from the sizing of dryer capacity in the public sector 
mills over the years as shown in Table 2. 

Paddy appraisal system 

The paddy quality appraisal system currently adopted 
by the public sector mills consists of a range of fac
tOfS which are mainly physical, such as moisture con
tent, immature grains, heat damage or kernel 
discoloration. and extraneous materials including flat 
head, chaffs, straws and foreign seeds, etc. Appropri
ate payment deductions are made on account of each 
of these factors according to a prescribed table (Table 
3). 

The table of deductions refers to the physical aspect 
of weight or shrinkage losses during the subsequent 
drying and cleaning of paddy. However, it does not 
really take into consideration the intrinsic aspect of 
grain quality particularly the milling yield and the per
centage of whole grain kernels or head rice which are 

Table 2. Size and configuration of dryer capacities in public sector mills. 

Project 

Muda Phase I - 5 drying <"V'''J.'''''.''"' 
Muda Phase 2 - 3 drying complexes" 1 Integrated Complex 

Muda Phase 3 6 integrated complexes 

Tg. KaranglKrian Phase I - 3 drying complexes 

KemubulBesut Phase I - 3 integrated complexes 

Muda Phase 4 Sg. Manik Phase I - 3 integrated complexes 

Muda Phase 5 - I integrated complex 

Trans Perak Scheme 2 integrated complexes 

Year Seasonal capacity 
built each 

1971 10.000 t 

1972 10,000 t 

1974 10,000 t 

1975 10,0001 

1976 10,000 t 

1981 10,000 t 

1982 10,000 t 

1994 20,000 t 

"Two drying complexes were later converted to fully integrated complexes with milling facilities. 
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Dryer sizel Total drying 

1 x 20 tlhour 

2 x 20 tlhour 40 tlhour 

2 x 15 tfhour 30 tlhour 

2 x 15 tlhour 30 tfhour 

2 xiS tlhour 30 tfhour 

2 x 25 tfhour 50 tlhour 

2 x 25 tlhour 50 tlhour 

2 x 25 tlhour 100 tlhour 
1 x 50 tlhour 



important in the rice business. Just like elsewhere. local 
market prices are to a large extent influenced by the per
centage of whole kernels or head rice in the milled rice 
products. In other words, the whole grain kernels are 
worth much more than broken grains. Therefore, while 
maintaining penalty deductios for higher moisture con
tent and impurities found in paddy there is a need to 
offer price incentives for better quality grain which pro
duces higher milling yield particularly higher return of 
whole kernels. When implemented. these price incen
tives will encourage farmers to produce better quality 
paddy. 

Table 3. Schedule of deduction applying to paddy 
delivered by fanners to BERNAS Malaysia. 

(I) Moisture content Rate of deduction (kg) for every 

14-15% 

15-16% 

16--17% 

17-18% 

18-19% 

19-20% 

20-21% 

21-22% 

22-23% 

23-24% 

24-25% 

25% and above 

100 

nil 

1 

2 

4 

5 
6 

7 

8 

9 

10.5 

11.5 

13 

(III) Dirt I kg for every 1 % 

(IV) Unripe paddy I kg for every 1 % 

(V) Damaged or red grain 1 kg for the first 1 % 
2kg for every additional 1% 

(VI) Gunny sacks 

Grain Cooling 

As part of the improvement of public sector milling in 
its handling of drying and storage of paddy. grain cool
ing was introduced several years ago. Such technology 
was adopted from Germany and Spain with some modi
fication to suit the local climatic conditions. The local 
experiences indicate that grain cooling could achieve 
better head rice yields compared with the conventional 
ambient air aeration practice. Further. the cooling proc
ess allowed partially dried paddy (in the region of 15 to 
16% moisture content) to be safely stored in the bulk 
storages. thereby freeing the dryers to handle a large 
influx of wet paddy, especially during the peak harvest. 
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Depending on the storage time and moisture level, 
the cooling process can be repeated when necessary. 
It is envisaged that after the season the cooled grain 
will be sufficiently dry for it to be sent directly for 
milling which normally requires a moisture level of 
14%. 

Micro Processors for Dryer Control 

To improve the operating efficiency of the existing 
LSU dryers, some have had incorporated a modem 
micro-processor controller (Dryer Master DR) which 
allows the continuous on-line measurement and mon
itoring of the actual moisture content of paddy enter
ing and leaving the dryer. It enables better control of 
the drying operation and maintains uniform moisture 
content of grain leaving the dryer irrespective of fluc
tuation in moisture level of the incoming wet grain. 
This ensures the minimum number of drying passes 
for a particular batch of paddy thereby achieving bet
ter energy efficiency while maintaining grain quality 
consistency. 

Conclusions 

With the advent of double cropping in various rice 
growing areas, artificial drying facilities have to be 
provided. especially during the off-season harvest 
which occurs during the rainy season. This drying 
need is rendered more critical by the technological 
advances adopted by the local rice industry such as 
farm mechanisation high-yielding varieties, and bulk 
handling of paddy and which is further compounded 
by the severe shortage of fann labourers during peak 
harvest. 

In its effort s to ensure paddy farmers are receiv
ing a reasonable and stable price for their produce, 
the public sector embarked on a program to estab
lish initially a number of drying complexes with 
LSU dryers some of which were later converted into 
fully integrated facilities with the addition of rice 
mills. Meanwhile, the private sector mills, for oper
ational and budget requirements, have displayed a 
marked preference for batch dryers in their invest
ment in artificial dryers in place of the discarded sun 
drying practice. 

The capacity to handle the wet paddy crop 
depends very much on its actual daily drying capa
bility, be it a public sector or private sector mill. 
Hence, the shortening of harvesting period brings 
about serious capacity and cost implication. In their 
continued efforts to improve drying efficiency, the 
public sector mills have in recent years adopted 
grain cooling and micro processor based controllers 
for its LSU dryers. 
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Chilled Aeration for Pest Management in 
Stored Food Grains 

D.E. Maier, L.J. Mason, R.A. Rulon, A.C. Strait, and D.J. Zink* 

Abstract 

A grain chiller utilises a portable refrigeration system to control the inlet air temperature and relative hu
midity in a storage. As a result, chilling allows for conditioning of large grain masses to desired tempera
ture and moisture levels at any time during the storage season without pesticides. During the summers of 
1994 and 1995, four and six bins, respectively, were evaluated for the chemical-free pest management and 
conditioning of popcorn. Each summer, two of the bins were managed with intensive aeration for moisture 
conditioning and several fumigations for pest control. In 1995, two bins were managed using an automatic 
aeration controller. The other two bins were managed with the Purdue grain chiller. These two bins were 
monitored and chilled only as needed. The grain temperature in the chilled bins remained below the critical 
15°C limit for insect development. Grain temperatures in the bins conditioned with ambient aeration were 
7-20°C higher during the same period. By late summer, the chilled bins had not required a single fumiga
tion and had insect levels significantly below those found in the fumigated bins. An economic analysis of 
chilled storage versus traditional insect control and conditioning methods has shown grain chilling to be 
competitive. 

* Departments of Agricultural and Biological Engineering, 
and Entomology, Purdue University, West Lafayette, 
Indiana 47907-1146, USA. 
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Rapid Fluidised-bed Drying: 
a Successful Post harvest Tool 

YingyodYingyuenyong* 

MECHANICAL drying is becoming more important in 
grain storage. Conventional column and continuous 
dryers have inefficiencies and restrictions in their 
operation. They are large and need large spaces to 
accommodate them; they entail high roofing costs; 
they have long drying times; they induce high break
age in the rice; they give uneven moisture contents 
especially when drying high moisture paddy; and the 
cost of drying is high. 

The Rice Engineering Supply Co. recognised these 
problems, and in 1990 initiated an R&D project to 
study the application of the fluidisation technique 
currently used in the food industry to paddy drying, 
particularly high moisture paddy (over 20%). As a 
result of the project, a new fluidised-bed dryer with 
the following features has been developed. 
• Rapid drying rate-moisture content is reduced 8-

10% per passage with no untoward effect on bro
ken rice yield. Due to high temperature airflow 
through the grain, only short periods (1.5-2 min
utes/pass) of drying are required . 

• Uniformly low moisture content of the output 
paddy, even if the moisture content of the input is 
very uneven. 

* Rice Engineering Supply Co. Ltd, 268/56-58 Soi Yaow
apa, Pracharaj 2 Road, Bangseu, Bangkok 10800, Thai
land. 
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• Reduced fuel cost, by recycling hot air to the dry
ing process. 

• Compact size compared with a column dryer, so it 
can be installed even in a small shed. 

• High flexibility in operation. Large batches of 
paddy are not required. Each batch passes through 
in only few minutes. 

• Low maintenance cost, as the main machine is sta
tionary and the only moving part is the paddy. 

• Immature kernels and dust are separated out during 
drying. This in turn reduces the heat consumed if a 
second pass through the dryer is needed. 
The fluidised-bed rapid dryer (models DR-SF and 

DR·IOF) was developed in collaboration with Profes
sor Somchart Soponronnarit at King Mongkut's Insti
tute of Technology, Thonburi. The prototype dryer, 
with a capacity of 1 tlhour, is now installed and in 
operation at the Royal Palace Rice Mill in Bangkok. 
Commercial models of 5 and 10 tlhour capacities are 
already launched and have been supplied to both 
local rice mills and overseas customers. 



Mechanical Drying, Horizon 2010: 
an Increased Role Predicted 

F. Mazaud* 

THE primary purpose of this paper is to provide a cur
rent overview of grain drying within the Asian region, 
and to project requirements forward to 2010. Not
withstanding the number of investigations taken or 
under way (at both regional and national level) the 
picture remains confused. Traditional drying methods 
predominate, with grain spread over open ground, 
exposed to the sun, and turned by hand. 

Such techniques require space, time, and experi
enced labour, and produce mixed low quality grain 
which cannot enter international trade and, equally 
important, cannot compete successfully with 
imported grain in the domestic market. 

In an effort to redress this and to enhance the ability 
of national industries, many governments have offered 
incenti ves for quality production, providcd equipment, 
and generally encouraged producers and traders to 
become more quality conscious. Results have been 
mixed. Large numbers of plant have been constructed 
throughout the region to expand the capacity for artifi
cial drying, but this plant remains woefully under
used. Cost structures are high and the returns to the 
grower do not reflect the additional costs involved 
with artificial drying. Many domestic markets, for 
example, are not currently prepared to pay for high 
quality grains (when low quality grains at substan
tially reduced costs continue to be available). 

None of this is new; the inadequacies and lost 
opportunities remain well-known and well-entrenched 
in spite of the efforts of a number of Asian countries 
during the past 10 years. At the last GASGA drying 
conference held in Canberra in Australia in 1988 
(GASGA 1989), for example, the conclusions and 
recommendations stated that where quality was con
cerned: ' ... too little attention is paid to drying .. .'. 

It remains equally valid for this conference. Natural 
drying techniques and the low quality grain that 
results will continue to create problems in the region 
in the short to medium term. Take the example of 
Vietnam. In that country the income generated by 

* Agricultural Services Division, FAO, Via delle Terme di 
Caracalla, Rome 00100, Italy. 
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exports of rice in recent years has been considerable. 
It has been (and remains) essential for national devel
opment. But pressures on the use of land for produc
tion and for traditional methods of solar drying are 
such that they are rapidly becoming untenable. 
Increased population and enhanced expectations for 
quality of life are such that change is inevitable. Gov
ernments (in Vietnam and elsewhere) have little 
choice but to manage the changes required, or to face 
the consequences of disorganised food production 
and disrupted earnings from trade. 

In addition to improving quality, artificial grain 
drying has an important role in the reduction of crop 
losses. Drying is an intrinsic part of the postharvest 
cycle required for crop care, and complementary to 
handling, transport, storage, and processing. Poor 
drying of rice, for example, decreases the head rice 
yield, and for maize it can lead to the development of 
high levels of mycotoxin contamination. 

Traditional Methods of Grain Drying 

Open-air drying with the grain exposed to the sun and 
wind is the most common method of drying used 
throughout the region. It is estimated that 90% of all 
grain is sun dried, even in the more advanced agricul
tural countries such as the Philippines and Indonesia. 
Many modem drying plants are available, but they 
remain little used by producers. The main users are 
milling, trading, and storage companies with the abil
ity to pass on the additional costs involved. Most 
grain entering international trade receives supplemen
tary drying and cleaning, to enhance the levels of 
quality required by the importer. 

There is considerable variability across the region, 
with some countries more advanced than others in the 
use of improved grain drying and handling facilities. 
For example, in 1993 the Government of Thailand 
established a four-year program to improve grain 
quality and allocated 450 million THB (during Octo
ber 1995, ca 25 Thailand baht (THB) = US$l) for the 
introduction and use of modem plant in major grain
producing areas of the country. This program is cur-



rently more than 50% complete, but lack of technical 
information (concerning the principles of drying and 
of agro-industrialisation), lack of manufacturing abil
ity, limited experience with the use of drying plant, 
and poor servicing has produced mixed results. The 
private sector has been overwhelmed by the con
straints and opportunities involved. 

A significant dcvelopment across the region has 
been the number of manufacturers willing to become 
involved with the sector. Notwithstanding the con
straints of pioneering new technologies, Asian manu
facturers have been adept at handling the changes and 
competition involved. A survey of manufacturers and 
dealers in selected countries listed more than 60 
available (Table I). 

List of people and institutes from whom 
information was sought in preparing this 
paper 

ACIAR, Australia 

Zhengzhou Grain College, Zhengzhou, Henan, 
People's Republic of China 

Chen Zhishun.liangsu Grains. Oils and Foods 
International Corporation, Nanjing, People's 
Republic of China 

CIRAD, France 

G.K. Girish, loint Commissioner, Ministry of Food 
and Civil Supplies, New Delhi, India 

c.P. Rarnam, Indian Grain Institute, Hyderabad, India 

M.L. Murthy, Indian Storage Institute 

Professor H.S. Mukunda, Indian Institute of Science, 
Bangalore. India 

Or Had; Purwactaria, Institut Pertanian Bogor, 
Indonesia 

Shamser H. Khan, Passeo, Lahore, Pakistan 

E. Tubon, PhilRice Services Corporation, Kalookan 
City. Philippines 

M. Gummert, Coordinator of the regional GTZ 
project, IRRI, Philippines 

Professor Chak Chakkaphak, Postharvesl Research 
Group, Agriculture Engineering Division, 
Department of Agriculture, Chatuchak, Bangkok, 
Thailand 

B. Sudarsono, Environment and Natural Resources, 
Management Division, UNDP, Bangkok, 
Thailand 

EEC-ASEAN COGEN Program, Bangkok, 
Thailand 

Or Vilas Salokhe, Asian Institute of Technology, 
Bangkok, Thailand 

A. Hicks. Agro-Industries Officer, FAO, RAPA 
Regional Office, Bangkok, Thailand 

Professor Le Van To, Postharvest Technology 
Institute, Ho-Chi-Minh City, Vietnam 
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Publicly financed drying programs in the region 
have generally not been successful during the past 
20 years. Large numbers of plant (comprising dryers 
and grain stores) have been constructed in an effort 
to improve the availability of food supplies, and 
numerous programs to encourage their use have 
been implemented. Lack of commercial acumen, 
limited knowledge of markets, and few incentives to 
produce quality grain have restricted producer 
uptake and use. Conversely, where drying has been 
shown to be profitable, for example, for industrial 
milling and mixing, dryers have become widely 
used. Discrete private sector businesses have 
evolved to take advantage of the equipment and 
inccntives available. 

Table 1. Dryer manufacturers and dealers in selected 
Asian countries. 

Country Numbers of manufacturers/dealers 

India 16 (including 6 dealers) 

Indonesia 

Philippines 

Korea, Rep. 

Pakistan 

China 

7 

29 (including II dealers) 

8 

Not available 

4" 

a The situation in China remains fluid with rapid changes in 
place as the result of the 'bag-to-bulk' project financed by the 
World Bank, and the work undel1aken by research and devel
opment institutions such as the one in Jiangsu Province. More 
than 700 rice-husk or coal-fuelled drying plants have been 
established in the province in recent years. 

The trends noted in the 10 years are likely to have a 
profound affect on the future use of postharvest crop 
care, including the use of dryers. Populations are 
expanding throughout the region, markets for all grains 
(and particularly for rice) have become more sophisti
cated, crop production has grown with demand, and 
the impact of recent international trade agreements is 
beginning to be felt New commercial opportunities 
generated by the Uruguay Round accord between 
member states of the General Agreement on Tariffs 
and Trade (GATT) remain to be determined, but 
change is inevitable at all levels from producer through 
to consumer. Competition from imports is likely in 
most regional domestic markets, The situation is fur
ther confused with crop yields (for the major grain 
crops) remaining static, or declining, Agricultural land 
adjacent to urban centres is increasingly under pres
sure for housing or industrial use, further reducing the 
resource base available to agriculture. 

A shift from traditional drying methods to the use 
of modern plant is likely to follow these trends, The 
costs involved will increase, but as markets for higher 



quality grains increase in line with the purchasing 
power of the local consumer, artificial drying will: 
• help to maintain the nutritional value of staple 

grains with, for example, a reduction of fungal deg
radation; 

• reduce the risks of crop losses and crop deteriora
tion; and 

• increase the storability of grains, and enhance the 
value of the crop (by allowing markets to be 
exploited to the full). 
Improvements in other postharvest operations are 

closely linked to drying. Depending on the physical 
or economic factors that may apply, drying is an 
intrinsic part of postharvest crop care. Drying 
should not be considered in isolation, for this 
involves risk. 

Traditional sun drying methods remain popular 
throughout the region because of low cost and experi
ence, but also by choice. Access to drying plant 
remains strictly limited for most producers. Notwith
standing these opportunities and constraints, sun dry
ing is likely to become more diffieult to use and less 
viable. In Vietnam, for example, paddy is dried and 
threshed on the public roads. A recent government 
disposition has moved to forbid this (in an effort to 
improve transport systems), without providing alter
native options to growers. Large open areas of rela
tively hard and clean surfaces suitable for crop 
threshing and drying are difficult to find in the tradi
tional rice-growing areas. Constraints of this kind are 
also likely to be introduced in other Asian countries. 
In parts of the Philippines, for example, highway dry
ing of grain has been banned, though the government 
is providing what it calls 'multipurpose drying pave
ments' as a substitute. 

Adequate grain drying is essential for high quality 
conservation. What happens to paddy during the first 
12 to 24 hours after harvest largely determines the 
yield of head rice or whole kernel, and the quality of 
the rice after processing. Delays with grain (or prod
uct) stabilisation can lead to physical and biochemi
cal deterioration. This takes the form of general 
discoloration, yellowing, grain germination and, for 
maize, high levels of contamination with mycotox
ins. Poor milling quality results. Yellowing of the 
kernels will begin within 24 hours of reaping, espe
cially where the crop is stacked in the field before 
threshing. Grain drying immediately after threshing 
is the only practical method to prevent deterioration. 
Further, rice paddy stored in the open on packed 
earth or roads will become contaminated with for
eign materiaL This will affect the quality of milling, 
increase costs (for the increased energy required for 
cleaning), and generally contribute to poor sanitary 
conditions at the store or mill. 

The message to industry, from producer through 
to trader, is clear: the twenty-first century will 
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present numerous new constraints and changes to 
both the production and postproduction sectors of 
agriculture. Major areas of change have already 
been identified. 

Population 

The population of Asia rose from 1.3 bjllion in 1950 
to 1.56 billion in 1960, at the time that the green revo
lution was initiated in most countries in the region. 
By 1972 the regional population had passed 2 billion 
and in 1990 the population was estimated to be 2.7 
billion. Thus, in just 40 years food requirements in 
the region have doubled. Forecasts suggest that by the 
year 2000 the total population in the region will be 
3.2 billion, and by 2020 it will be 3.8 billion. Projec
tions are always open to different interpretations, but 
it seems clear that the popUlation in most countries 
will continue to expand, albeit at a slower rate. This is 
expected to result in a further doubling of the regional 
population during the next 40 years. By the year 2030 
then, a regional population of 5-6 billion is likely. 
One outcome of these projections is that a vastly 
increased quantity of food will be required, to be pro
duced by growers (and others within food industries) 
who face increasing constraints on production. The 
demand for wheat, for example, will increase from 
582 Mt to 1173 Mt. 

Population growth varies from country to country. 
In 1961, China had a population of 655 million and 
India a population of 452 million. Indonesia and 
Japan each had populations of nearly 100 million. At 
that time the population of Bangladesh was 52 mil
lion, five countries had populations of 22-35 million 
(Vietnam, Philippines, Thailand, South Korea, and 
Myanmar), and Pakistan had 16 million people. 

Now, in the mid-\990s, significant changes have 
occurred. The population of China has reached an 
estimated 1153 million, India 846 million, Indonesia 
184 million, and Japan 123 million. Bangladesh cur
rently has a population of more than 113 million, 
Thailand 55 million, Vietnam 67 million, Pakistan 
118 million, Myanmar 42 million, and South Korea 
42 million (Table 2). 

The message to this grain drying conference is 
clear: 

• by the year 2010 the population density of the 
region will be such that it will create difficulties for 
regional food production and, as a consequence, 
national food markets will become significantly 
changed; and 

• the extent to which food requirements can be met 
by national and/or regional production will have 
major implications on the international market for 
food grains within the region. 



Table 2. Population projections for selected Asian countries ('000). 

Country 1980 1985 1990 

Bangladesh 88221 100862 113684 

Bhutan 1242 1379 1539 

Myanmar 33821 37544 41825 

Sri Lanka 114819 16110 17217 

China 996134 1070574 1153469 

India 688958 766561 846191 

Indonesia 150958 167332 184282 

Japan 116782 120754 123537 

Korea, Republic of 38124 40806 42002 

Laos 3205 3594 4202 

Malaysia 13763 15677 17871 

Nepal 14858 17136 19571 

Pakistan 85299 100676 118122 

Philippines 48684 55395 62437 

Thailand 46718 51187 54677 

Vietnam 53711 59890 66688 

Sources: Alexandros 1995; FAO 1995. 

In parallel with these changes, the gap between 
rural and urban populations will continue to diverge 
(Fig. I), thereby creating a greater need for the 
mechanisation of agricultural work that currently 
demands high rates of manual labour. These changes 
are likely to become effective throughout regional 
food industries. From the restriction of use of roads 
for crop drying in Vietnam to the competition on 
domestic markets for imported processed foods in 
the industrialising countries such as Malaysia, com
mercial forces and unrestricted trading will deter
mine the most cost-effective means of production. 
Sun drying and other traditional grain drying meth
ods are unlikely to survive the socioeconomic con
straints that will apply. 

Demand for Rice 

Consumption of rice 

Rice is a staple part of the diet of the people of Asia, 
and the region accounts for 90% of world consump
tion. Rice consumption is of the order of 100 kg per 
person per year. In western Europe or North America, 
by comparison, the consumption of rice is 5 kg/per
son/year. Typical of increasing affluence in the region 
is the increase in rice consumption, but only up to a 
point. Once incomes reach a certain level, alternative 
foods are substituted for rice; people demand greater 
variety and more novelty in their diet. Entertainment, 
pleasure, and luxuries begin to have an impact. People 
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1995 2000 2005 2010 

122210 155205 171703 188200 

1650 

44613 52607 56603 60600 

178994 196997 205999 215000 

1205640 1288120 1329360 1370600 

896567 1060034 1141767 1223500 

194617 220659 233679 246700 

124670 127835 129418 131000 

44500 47000 48250 49500 

4605 5703 6251 6800 

19239 22220 23710 25200 

21086 24993 26947 28900 

128057 166779 186139 205500 

66543 79322 85711 92100 

56868 64234 67917 71600 

70902 84151 90776 97400 

also demand better quality food, and readily reject 
foods which do not reach the standards required. 

Thus, as communities in selected countries attain 
socioeconomic levels that match or surpass those of 
the more traditional industrialised countries, so the 
consumption of rice per head falls. Japan, Thailand, 
and South Korea are typical examples. 

In the poorer countries of Asia (Bangladesh, Cam
bodia, China, India, Laos, Myanmar, Nepal, and Viet
nam) cereals continue to comprise more than 70% of 
the staple diet. Changes are becoming apparent in 
those countries which are in economic transition, 
even when food requirements are just sufficient to 
meet national needs. For example, in Sri Lanka and 
the Philippines cereals represent only 50-60% of the 
diet. The trend towards reduced cereal consumption is 
also marked in those countries that have made a pub
lic effort to improve the living and socioeconomic 
conditions of rural communities, for example, in 
Indonesia (65%), South Korea (61 %), Malaysia 
(44%), and Thailand (53%). 

The contrast between the industrialised, developed 
countries of Asia and the remainder is also marked. In 
1990, for example, the share of cereals in Hong Kong 
was 32%, in Japan 41 %, and in Singapore 32%. 
These countries have effectively substituted imported 
wheat and maize (and processed products based upon 
them) in preference to rice. In the developing Asian 
countries, traditional foods including rice continue to 
dominate. In China and Myanmar, for example, the 
share of rice in the diet has increased slightly. 
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Figure I. Trends in the proportion of the population economically active ill agriculture in south Asia. 

The choice of cereal and its importance to local 
diets depends largely upon domestic production-the 
range of crops that can be grown in the country . 
Pakistan, for example, is the only country in which 
wheat is a significant part of the local uiet. The <.:on
sum pt ion of rice and wheat has remained stable in 
Pakistan , with rice comprising an estimated 10- 12% 
of (he die!. 

The (renus in rice consump(ion and (he links with 
population growth and economi c development are 
clear. In the poorer Asian countries rice has remaineu 
a major staple food through to recent times (with the 
excep(ion of Pakistan). Economic development (or 
the country or community) reduces the importance or 
rice anu alternative foods arc preferred. A reduction 
in popula(ion growth in line with economic develop
ment leads to a reduction in the consumption of ricc . 
The forecast for regional food production is equally 
clear: rice output per head has to be maintainccl in the 
poorer Asian countries. Economically strong coun
tries will be able to import alternative foods, to 
replace rice in the diet (see Table 3). 

Conceptions of rice (IUality 

There is no universal comprehension or quality . 
Rice acceptable to one community may be com
pletely unacceptable to another. A given quality that 
brings premium price in one market may be tradeu 
with a discount in another. The Japanese consumer, 
for example, prefers rice to be well-milled and proc-
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essed just before eating. Short grain japonica rice 
sticks together when cooked and is claimeu to have 
more Ilavour. 

Consumers in Thailand also like well-milieu rice 
but , by contrast, prefer long-grain inclica rice which 
has been aged. This results in rice that separates 
freely and , according to the consumer, tastes better. 

.ote that both the Japanese and T hai consumer 
claim a preference fo r taste and texture. Am ong 
examples of differing conceptions of rice CJuality 
include the pre ference fo r japonica rice in the south
ern counlries o r Europe and fo r indict rice in north
ern Europe. 

T he most valuable, large-volume markets ex ist for 
thc best quality indica rice varieties, which are long 
grain and raw milled. These markets comprise 
approximately 25% of all rice entering international 
trade . Profit margins are significant given the lucra
tive prices involved and the high income potential or 
consumers in Europe, North and Cenlral America, 
the Middle East. and the industrialised nations of 
Asia. 

Consumer preferences will vary from one commu
nity to the next , but the choice of high quality remains 
firm. Consumers will choose rice with good physical 
appearance, where uniformity is consistent, where 
broken grains arc not Significant , and where all for
eign materials have been screened DuI. Drying is an 
important postharvest operation that can enhance 
quality, and thus help with market exploitation. 



Table 3. Food supply in selected Asian countries. 

Country Kilocalories/person/day 

1961-63 1969-71 1979-81 1988-90 

Bangladesh 2107 2117 1910 1949 

China 1664 2000 2338 2624 

India 2045 2037 2078 2309 

Indonesia 1839 2053 2448 2628 

Japan 2505 2678 2747 2903 

Korea, Republic of 2216 2819 3120 3283 

Malaysia 2343 2471 2695 2712 

Pakistan 1797 2177 2151 2345 

Philippines 1700 1766 2204 2292 

Thailand 2040 2185 2224 2333 

Vietnam 2065 2189 2103 2182 

Rice Production 

Trends in rice production between 1973 and ) 992 
show three distinct periods: 1973-1984, ) 985-1987, 
and 1988-1992. Following the world food crisis of 
1973-1975, governments in south Asian countries 
invested heavily in irrigation, fertilizer use, and 
research and development. Higher yields and 
increased production from new varieties dominated 
development planning. As a result output grew 
quickly (3-4% per year) until 1984. A period of stag
nation followed, due to adverse weather and weak 
economic conditions in the major producing coun
tries. Growth in production has recovered since 1989 
and crop yields have risen steadily. In 1991 a global 
production level for rice of 3.5 tJha was recorded, 
demonstrating an average annual growth rate of nearly 
3% during the previous five years. Yields are further 
expected to increase during the next 20 years, with 
projections estimated up to 50% in regional develop
ing countries (excluding China) (Table 4). 

The pattern of growth for this period is expected to 
be one of limited land expansion (Fig. 2), following a 
trend established during the 19805. With rice produc
tion already largely Asian based (90% of global pro
duction) few opportunities for expansion into new 
crop lands is expected. Increased yields will come 
from greater cropping intensities: an ability to pro
duce two, two and one half, or three crops per year 
where previously one was grown. In south and east 
Asia (excluding China). for example, only 5% more 
land is expected to become available for rice growing 
(Table 5). 

Increased production will also come from a shift in 
production from non-irrigated to irrigated land. The 
harvest of rice from irrigated land is expected to 
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All cereals kg/person/year (milled rice included) 

2010 1961-63 1969-71 1979-81 1988-90 2010 

2075 176 173 162 165 173 

3136 124 153 190 211 221 

2492 144 147 150 161 164 

3040 101 125 158 177 192 

3145 159 148 144 142 129 

3324 179 216 201 195 158 

3156 152 154 150 128 127 

2524 118 152 140 149 141 

2598 109 112 131 146 154 

2900 146 157 149 141 138 

2519 168 178 157 159 172 

increase by more than 20% during the next 20 years. 
An estimated 44% of rice is currently irrigated, a pro
portion which is expected to increase to approxi
mately 50%. 

The implications of this shift are important for 
postharvest crop care, for increased quantities of crop 
will require drying. Further, increased intensity of 
cropping will mean that seasonal drying will no 
longer be an option, and crops will have to be artitl
cially dried to enable them to be stored, processed, 
and traded. 

Rice International Trade 

Present situation 

The proportion of global rice production traded 
internationally has averaged just 3% during the last 
decade. This reflects the reality of markets which 
show that the major producers are also the major con
sumers. By comparison, 20% of wheat production 
enters world markets. Because of relatively high unit 
value the trade in rice is one quarter the value that of 
the wheat. Developing countries currently account for 
79% of rice exports and absorb more than 85% of 
imports. 

The trade in rice and rice prices are volatile and 
likely to remain so because of thc small size of the 
market and the uncertainty of political developments 
in some major trading countries. The GATT agree
ment may result in further liberalisation of the world 
rice market, which is projected to stimulate a trend in 
international rice trading. The degree of protection 
provided for domestic rice producers in some coun
tries is not expected to affect this trend. 



Table 4. Rice, production of the principal Asian countries ('000 t) historical data and projections, 

Country 1961-63 1969-71 1979-81 1989-90 1990-91 2010 

Bangladesh 14555 16540 20125 26045 26980 40840 

Cambodia 2348 3016 1248 2557 2294 2193 

China 63463 106753 142538 179524 184425 

India 52939 62861 74557 109399 110806 159000 

Indonesia 12228 19136 29570 43860 44860 62242 

Korea, Republic of 4611 5574 6780 8027 7705 7945 

Laos 523 870 1025 1300 1373 2228 

Malaysia 1135 1696 2053 1860 1980 1840 

Myanmar 7432 8107 12637 13647 13658 21000 

Pakistan 1707 3431 4884 4841 4862 7525 

Philippines 3907 5456 7747 9250 9484 15526 

Thailand 11190 13668 16967 19686 19398 31516 

Vietnam 9456 9812 11808 18407 19281 31982 

Source: FAO (1995). 
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Figure 2. Historical data and projections in rice and maize cropping areas in selected Asian countries. 

With the marked exception of a few countries such 
as Malaysia and Singapore, the importing countries 
in Asia pursue a policy of self-sufficiency in ricc. The 
importance of rice in the national diet has led many 
Asian governments to take an active role in their 
domestic markets, and to manipulate prices and sup
plies. Purchases of rice in the international markets is 
made from time to time mainly to cover shortfalls in 
domestic production. These shortfalls may result 
from adverse weather and poor harvests; they lead to 
fluetuating levels of imports and difficulties with 
market predictions. Stability is likely to return with a 
regular supply of surpluses over and above domestic 
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demand; policies of rice (and food) self-sufficiency 
are likely to assist in achieving this end. Markets are 
also responsive to the production of surpluses of high 
quality rice. 

The volume of rice imported by Asian countries 
increased sharply during 1950~1970; thereafter it 
decreased slowly. However, the maximum recorded 
imports of rice reached only 3.4% of regional produc
tion during this period. In 1985, for example, rice 
imports represented only 1.1 % of rice produetion. 
The point to note is that rice imports in the region 
have always been marginal when compared with rice 
production (and are likely to remain so). 



Table 5. Rice, evolution of yields in Asia (t/ha) 

Country 1961-63 1969-71 

Bangladesh 1.67 1.68 

Cambodia 1.05 1.45 

China 2.35 3.28 

India 1.50 1.67 

Indonesia 1.76 2.35 

Korea. Republic of 4.04 4.63 

Laos 0.87 1.31 

Malaysia 2.1\ 2.40 

Myanmar 1.62 1.71 

Pakistan 1.39 2.25 

Philippines 1.24 1.68 

Thailand 1.75 1.93 

Vietnam 2.01 2.05 

a Not available. 
Source: FAO (1995). 

The contribution of selected Asian countries to the 
volume of imported rice in the region is marked, how
ever, and has changed extensively during the past 40 
years. After a peak level of imports in 1955 (4.6% of 
the region) China managed to eliminate imports 
entirely by the early 1970s. However. this country's 
share of rice imports rose exponentially to 31 % from 
1975 to 1989, indicating the difficulties facing pro
ducers with domestic market demand. After a hike in 
imports (20.1 % of the region) in 1965, India was able 
to eliminate imports during the early 19805. How
ever, this country's share of regional rice imports also 
rose exponentially, to 14.6%, from 1980 to 1989. 
This parallel between these two Asian giants in the 
recent growth of rice imports is worth noting. 

In Indonesia, major rice shortages occur from 
time to time, and in 1980 the country was responsi
ble for 39.5% of all rice imports into the region. 
Notwithstanding the highly successful food self-suf
ficiency programs implemented by government dur
ing the previous 20 years, the country had not been 
able to feed itself. The same situation, but to a lesser 
extent, occurred in the Philippines where rice 
imports reached 10.5 and 17.2%, respectively, in 
1965 and 1985. 

A further point of interest concerns rice imports 
into the industrialised Asian countries such as Japan 
and South Korea during the past 40 years. During this 
time Japan has reduced its share of rice in the region 
from 35% to almost zero. South Korea accounted for 
13-18% between 1970 and 1980 and subsequently 
ceased importing rice. 
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1979-81 1988-90 2010 

1.95 2.47 3.78 

1.01 1.35 1.55 

4.24 5.51 _a 

1.86 2.59 3.86 

3.26 4.22 5.23 

5.5\ 6.40 6.55 

1.42 2.22 2.55 

2.84 2.78 3.10 

2.70 2.92 3.40 

2.47 2.32 3.50 

2.21 2.72 3.99 

1.89 2.07 3.12 

2.12 3.13 4.95 

Impact of the Uruguay Round agreement on the 
trade in regional cereals 

The GAIT agreements will have a profound effect 
on international trade in a range of goods and materi
als. They will change the context and the way in 
which food is traded. Countries which previously pro
tected domestic producers from imported goods and 
materials are (or will be) obliged to open their borders 
to foreign foods. These have stimulated FAO 
to re-run projections for the production of most of the 
main agricultural commodities. Account has to be 
taken of the changes in national policies that will be 
in place by the year 2000. The new projections con
firm earlier conclusions that prices on the interna
tional market will be higher, and point to significant 
changes in trading patterns. 

For rice, world tradc is projected to expand at 4% 
annually to reach 18.9 Mt by the year 2000. This is a 
substantially faster rate of expansion than seen in the 
19808. The projected acceleration in global import 
demand is expected to push the unit value of rice 
price significantly higher than that during the period 
1987-89. This assumes that countries which have 
agreed to establish minimum market access will be 
importing the amounts stipulated and that such 
imports will not subsequently be released back onto 
world markets. 

Overall, the L'ruguay round will probably have a 
marginally positive effect on production and, similarly, 
a marginal impact on global consumption. However, 
its impact is projected to be substantially greater with 
trade and with international market prices for rice. The 



opening of previously closed markets for rice will 
increase the volume of global trade by an estimated 1.2 
Mt, and international prices will grow by 7% (when 
compared to pre-agreement prices). Prices are 
expected to be 15% higher by the year 2000, when 
compared with the average prices for 1987-89. These 
changes should result in profitable trading opportuni
ties for the region. This is likely to favour japonica rice 
exporters more than those trading indica rice. 

For developing countries, the changes in world mar
kets will be profound, as the challenge of competing 
with forcign suppliers and traders beeomes a reality. 
The situation will be further eonfused with the need to 
establish new domestic policies that will take account 
of the competition that has arisen, and the opportuni· 
ties for new markets that will come into existence. Pol
icymakers and traders will require technical assistance 
across a range of commercial sectors and commodities, 
to enable them to cope with the new constraints and 
new markets. For example, sanitary conditions and 
standardisation will become more important than 
before; diversification, product appearance, and pres
entation of raw materials and processed goods will 
determine access to the market. Attention to detail and 
crop care at all times throughout the postharvest cycle, 
including drying, will be essential. The objective will 
be to produce high-quality grain. 

Conclusions 

The twenty-first century will present numerous con
straints to the grain industry in Asia, although these 
will be offset by the opportunities that will also 
become available. The region, however, has become 
adept at meeting the challenges of new industrial 
opportunities and the same is likely to happen with 
grain production, processing, and trading. 

There are hazards to be considered. The regional 
population will continue to expand, and it is not 
expected to stabilise until double the present popula
tion has been reached. Food requirements will also 
double. The per capita availability of arable land will 
decrease further, thus heightening the need to inten
sify agricultural production. This will lead to greater 
demands on the limited natural resources available. 
Intensified agricultural production will demand tech
nical innovation, investment, and care throughout the 
production cycle. It will also demand attention to 
downstream and upstream activities relating to it. 
Postharvest activities downstream of production 
include storage, transport, transformation, and trad
ing. They have a major impact on quality of the raw 
materials entering the market and the quality of the 
processed goods that may result. 
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Crop drying will have an important role within the 
portfolio of crop care treatments available to the 
trader or processor. A well-dried crop stores for 
longer periods, and in this way the spatial and tempo
ral distribution of the product is improved. This 
clearly has a cost that can be shared between those 
involved with all the postharvest activities-the pro
ducers, traders, and the consumers. 

Upstream of production, the opportunities for 
encouraging quality crops are equally important. 
Governments must realise that the absence of a pre
mium price policy linked with the quality of the prod
uct is a major obstacle for the improvement of the 
postharvest cycle. Policymaking brings a challenge to 
agricultural management that is vested mainly in the 
public sector. This may ultimately determine both a 
firm role for grain drying within the region and the 
way in which it can best be introduced. 

Finally, the technical (biological and engineering) 
requirements of grain drying require further develop
ment as they may apply to use of dryers in the region. If 
dryers and drying are to become better known and more 
widely used, programs of complementary investiga
tions will have to be set in place. These should relate to 
the needs and constraints of the region, be undertaken 
by regional specialists and, ultimately. be supported by 
the development of a commercially robust manufactur
ing sector and a technical service industry. 

Current research has shown the interrelation 
between crop varieties, quality of grain, and suscepti
bility to, for example, fracturing during drying. Vari
eties will have to be introduced that will sustain 
drying with minimum damage. It may also be inter
esting to instigate studies on crop homogeneity and 
the impact that this may have on the development of 
new designs of equipment. Cost of drying remains a 
major constraint in current markets. The optimisation 
of the choice and use of energy or the adaptation of 
new technologies (such as microwave or fluidised
bed systems) should be explored. Traditional technol
ogies should be examined further. They should not be 
rejected before their use and value within the period 
of transition has made them obsolete. 
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Traditional Paddy Drying in Bangladesh 
and Associated Problems 

K.A.M.S.H. Mondal* and M.A. Malek t 

BANGLADESH, population 120 million, is the most 
densely peopled country in South Asia. It has a gen
erally subtropical monsoon climate. There are six 
seasons in the year. Three of them, namely winter 
(November-March), summer (April~June), and the 
monsoon (July~October), are prominent. In winter 
there is usually little fluctuation in temperature which 
ranges from a minimum of 7-I3°C (45-55°F) to a 
maximum of 24-31 °C (75-85°F). Summer maximum 
temperatures are around 37°C (98°F), although in 
some places this occasionally rises to 41 QC (105°F) or 
more. The monsoon starts in July and runs till Octo
ber. This period accounts for 80% of the total rainfall. 
The average annual rainfall varies between 119 and 
145 em (Anon. 1992). 

Rice is the most important agricultural crop of 
Bangladesh. It is grown on approximately 80% of the 
total cultivated area, although the country is not self
sufficient in rice (Alim 1982; Anon. 1992). 

Three different rice crops, namely Aus (summer), 
Aman (autumn), and Boro (winter) are cultivated. 
Moreover, various high yielding varieties (HYVs) of 
rice are cultivated throughout the year (BRRI 1984). 
The Aus crop suffers from drought, early floods, and 
heavy rain at the time of harvest and threshing (Hall 
1970). Most of the farmers harvest their crop with 
sickles. In Aman and early Boro, the fields are dry, 
but in late Boro and Aus, the fields remain wet and 
are sometimes flooded (BRRI 1984). 

Moisture content is the prime characteristic feature 
for the procurement of paddy. The standard moisture 
content (m.c.) of 14% is considered a maximum for 
safe storage (Baird 1987). The storage of paddy with 
too high a moisture content is common in Bang
ladesh. This results in quality deterioration and quan
titative losses as a result of fungal, bacterial, insect, 
and mite infestations (Khan and Mannan 1991). 

* Institute of Biological Sciences, Rajshahi University, 
Rajsbahi 6205, Bangladesh 

t Bangladesh Council for Scientific and Industrial 
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This paper briefly describes different sun-drying 
methods used by Bangladeshi farmers, and the prob
lems associated with those methods. 

Drying 

Drying is practiced to prevent germination of seeds, 
to retain maximum quality of the grain, and to reach a 
level of moisture which does not allow the growth of 
bacteria and fungi. Drying also considerably retards 
the development of mites and insects. It is essential 
that grains be dried quickly and effectively before 
being stored (Hall 1970). 

In Bangladesh several traditional, natural sundry
ing methods (Fig. I) are used by farmers and traders. 
There is little or no mechanical drying. Some 
research organisations are trying to develop artificial 
dryers. One such is a mechanical dryer burning rice 
husks as the heat source for drying. The husks are 
fired in a locally designed furnace, which is placed 
under a drying chamber made from concrete blocks. 
The grain is placed on trays within the chamber. 
These are movable to permit 'respreading' of the 
paddy. 

Natural drying 

This is also commonly called sun drying and has been 
traditionally used throughout Bangladesh. This type 
of drying uses a combination of sun and air but also 
requires time and labour to spread and collect the 
grains. Both threshed and unthreshed paddy are dried. 
There are different methods of natural drying of 
paddy in Bangladesh, as follows: 

Field drying. In some parts of Bangladesh where 
maturity of the crop coincides with the beginning of a 
dry season, the most popular method of drying is by 
exposure to the sun. Drying may commence before 
the crop is harvested, e.g. paddy panicles are left on 
the standing plant for 3-4 weeks after maturing 
before they are harvested. In the northern region the 
unthreshed cut paddy is dried in the field for a few 



days after harvest in the Aman season and is then 
bundled up and transported to the home yard (BRRI 
1984). The postharvest losses in this case are usually 
primarily the result of shedding of grains and cutting 
of panicles by rodents. 

drying 

natural 

unthreshec 

!i--=====----I 
field side 
(standing) 

home yard 
(hard earth) 

roadside 

artificial 
(not available in farm level) 

threshed 

home yard 
(hard earth. mat) (hard earth. mats. concrete) 

millside 
(concrete) 

Figure I. Flow chart of paddy dryi ng in Bangladesh. 

Home yard drying . At village level , several simple 
methods which avoid the need for building a storage 
container are used for drying paddy . The common 
practice is to spread the threshed grain on the ground 
or on a specially prepared area (e.g. bamboo mats 
(Chalai), sacking, on a mud and cow-dung pl astered 
hard earthen Ooor, or on a concrete Ooor) and expose 
it to the sun and wind (Fig. 2). Unthreshed paddy is 
also brought from the fiel d to the home yards where it 
is laid out on prepared areas or hard earth to dry in the 
sun for a number of days. 

Roadside drying. Some poor famlers use the 
nearby highways (concrete) for drying threshed 
paddy (Fig. 3). 

In both the home yard and on the roadside, drying 
is done afte r cleaning the paddy. In most cases raw 
paddy is dried but sometimes farmers soak the paddy 
and parboil it before drying. The parboiled paddy has 
a moisture content of more than 40% (BRRI 1984). 
The grains are spread and respread by the feet during 
both home yard and roadside drying methods. Thesc 
tasks are performed mostly by women. 

Mill-side drying. The traders usually use their large 
concrete fl oors fo r drying parboi led paddy (Fig. 4). 
People are employed on a daily basis for taking care of 
the paddy drying through such tasks as cleaning the 
floor, spreading and respreading of paddy and, finally , 
collecting the dried paddy and sending it for milling. 
The grains are spread and respread using wooden and 
bamboo implements, locally called Sarpal. 

Figure 2. Home-yard sun drying of paddy. 

Figure 3. Roadside sun drying of paddy. 

Figure 4. Mill-side sun drying of paddy. 

333 



Problems 

Sun drying is safe for both humans and the environ
ment because, unlike mechanical drying, it does not 
involve any oil, fuel and smoke. However. it has 
many disadvantages which may be summarised as 
follows: 
• Over-drying or under-drying occurs, causing quali

tative and quantitative losses. 
• Excessive movement of the grains, particularly in 

roadside drying, causes damage or breakage. 
• Dust and dirt from the surroundings mix with the 

grains. These extraneous materials accelerate dete
rioration by permitting an increase in moisture con
tent and fungal contamination. 

• Sun drying does not eliminate insects which con
tribute significantly to postharvest losses. 

• Uniform drying is not possible, because uniform 
stirring is difficult. 

• In both home yard and roadside drying, grains are 
exposed to rodents, and chickens, ducks, and other 
birds, which consume a considerable amount of 
grain. On cloudy days or in winter when the tem
perature is low drying takes longer, subjecting the 
grains to agents of loss for a longer time and thus 
leading to higher losses. 

• Grains are lost due to scattering. 
• There is grain spoilage, particularly during continu

ous rains. 
o Sun drying, involving as it does hand spreading and 

collection of produce, is labour-intensive. 
• With almost daily rainfall (in the rainy season) and 

heavy dews at night it is almost impossible to 
obtain satisfactory drying. 

• During field drying some mature grains are dropped 
in the field through wind shattering, and loss of 
grain also occurs due to animal consumption. 

o When drying is carried out on an outside concrete or 
hard-earth floor, sun cracks due to excessive heat 
may form in the grain. Moreover, alternate loss and 
absorption of moisture may cause development of 
internal cracks in the grains (Grist 1965). 

• Interruption in drying during the day by sudden 
rain is experienced. 

o Roadside drying creates traffic problems, espe
cially on highways, and sometimes leads to serious 
accidents. 

• Sun drying results in relatively high losses (1.6-
2.1%) (BRRI 1984). 

o Sun drying in the open space enhances the growth 
of moulds and fungus on produce, making favoura
ble conditions for insect infestation if the weather 
remains cloudy and damp. 

• It depends solely on a period of sunshine during the 
day, which does not occur throughout the year. 

• Periodic stirring is required to obtain uniform dry
ing, which is quite difficult. 
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When it rains, and during the night, labour is 
required to pile up the paddy and cover it with a 
plastic sheet or bring to a safe place (Wattanutchar
iya 1987) which is labour-intensive. 

• Long drying period is required, especially in the 
winter and rainy season. 

• Finally, constant supervision is needed to protect 
grains from pilferage and animal consumption. 

Suggestions 

• Because wetting and drying cause grain crack for
mation the crop should be reaped before it is fully 
ripe, cracks being formed more readily when the 
grain is quite hard (Crauford 1962). 

• To avoid sun craeking of the grain, slow drying is 
recommended because it gives a higher percentage 
of whole grains and the moisture content at milling 
is less critical. Sun-Checking is immaterial if the 
paddy is to be parboiled, provided that it is dried 
slowly after parboiling (Crauford 1962). Too rapid, 
or overlong drying, should also be avoided. Some 
seeds may become bleached, wrinkled and 
scorehed, or discoloured, and with some types of 
produce 'case hardening' occurs whereby the sur
face of the grains dries out quickly sealing the 
moisture within the inner layers. 

• Alternate loss and absorption of moisture by the 
grain should not be allowed because it enhances the 
development of internal cracks in the grain (Grist 
1965). 

• Grains to be sun dried should be placed on a mate
rial that prevents dampness from the ground from 
reaching the produce. 

o Sun drying of the grains in a container which has 
open sides to permit air movement through the bulk 
is recommended. 

• Prevention of high moisture content is the best 
means of protecting grains against fungus or insect 
damage, while the efficient ventilation of grain 
may also be possible if the air available is drier 
than the air in intimate contact with the grain (Grist 
1965). 

• Care is required to minimise excessive movement 
of the grains, which damages the seed coat. 

• Grains should not be exposed to rain and rewetting 
during and after the drying period beeause stresses 
set up may cause cracking in the grains. 

o Care should be taken to eliminate dust and dirt, 
which represent extraneous material and accelerate 
deterioration by permitting an increase in moisture 
content and both fungal and bacterial infestation 
(Baird 1987; Khan and Mannan 1991). Fungi in 
foods and feedstuffs may produce substances 
(mycotoxins) that are hazardous to human and ani
mal health. Moreover, fungi also encourage the 



development of infestation by some species of 
insects and mites. Hence, the problem of the inter
action of moulds and insects and mites on stored 
products becomes extremely complex (Hall 1970). 

• Drying should take place as quickly as possible 
after harvesting (Baird 1987). 

• Union, Thana, Municipal, District, regional, or 
cooperative drying facilities operating on a fully 
commercial basis, or large-scale mechanical com
mercial dryers, alone or in combination with the 
more recently developed in-store drying facilities 
and operated by private or government agencies, 
may be established, as suggested by Baird (1987). 
This would be of immense value in the prevention 
of qualitative and quantitative losses. But until then 
both the Bangladesh Government and international 
donor agencies should come forward with the 
financial support to help the farmers and traders to 
prepare 'high drying grounds of concrete' suitable 
for sun drying even during floods. 

Conclusions 

The greatest losses both at farmer and trader levels 
occur during storage, which is related to inadequacies 
in processing before storage, such as imperfect dry
ing. In comparison with sun-drying methods, 
mechanical drying used in developed countries is rel
atively labour saving, with a low percentage of loss or 
damage and can protect paddy from rain during dry
ing. Moreover, 'solar dryers' and 'husk-fired dryers' 
have also been developed and used in different coun
tries. Unfortunately, Bangladesh, being one of the 
poorest countries in both financial and technological 
terms, is still devoid of such developed mechanical 
dryers. As a result, sun drying is still favoured by 
most farmers and traders because of its low cost and 
because it does not need a complicated physical han
dling system. Farmers do not always know the best 
level to dry, so that when paddy is subsequently 
stored, discolouration of the grain occurs which in 
turn results in poor quality and a reduced price for the 
product (Silitonga 1987). In order to improve the 
paddy/grain drying process, the farmers should be 
made aware of the disadvantages of the traditional 
sun-drying methods and advantages of mechanical 
methods. In this regard, collaborative programs with 
research groups in other countries would be useful for 
developing suitable mechanical dryers for large-scale 
commercial use. Also, Bangladeshi scientists should 
look for opportunities to train abroad in the principles 
and practices of grain drying. 
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Development of Rice-husk Furnaces 
for Grain Drying 

Nguyen Van Xuan, Truong Vinh, Pham Tuan Anh, 
and Phan Hieu Hien* 

Abstract 

Two types of rice husk furnaces have been developed at the University of Agriculture and Forestry, Ho
Chi-Minh City, Vietnam. Both have a lower and an upper combustion chamber. The lower chamber is for 
burning charred husk and discharging ash. The upper cylindrical chamber is for trapping ash and burning 
volatile matter. 

The first type has an inclined step-grate in the lower chamber. Rice husk consumption and drying air ef
ficiency are 20-25 kg/hr and 70-75%, respectively. No ash or sparks escape from the furnace exit. From 
1994 these furnaces have been uscd in many flat-bed paddy dryers (4 tl6 hour batch) in the Mekong Delta 
of Vietnam. 

The second type has a vortex-type combustion chamber and no grate. Control of husk feed rate and the 
drying air temperature are automatic by a simple vibrating mechanism. The furnace was used in 1994 with 
an in-store dryer (80 tl4 day batch) installed at Song Hau Farn) in the Mekong Delta. Rice husk consumption 
and drying air efficiency were 10-12 kg/hour and 70-84%, respectively. Drying air temperature (29-30°C) 
was controlled within ± 1 cc. 

Both furnaces are stable and simple to operate. They meet the requirement for low drying cost by the use 
of rice husk in the Mekong Delta. 

ABOUT 2.5 Mt of rice nusks are produced per year in 
the Mekong Delta, Vietnam. They have been widely 
used as a heat source for paddy drying since 1990. 
Current furnaces are box-type with an inclined grate 
(Fig. I). They are built by farmers who adopted a pro
totype of the University of Agriculture and Forestry 
(UAF), Ho-Chi-Minh City in 1983. The UAF furnace 
was patterned after designs of Russian furnaces and 
an International Rice Research Institute (IRRI) rice
husk furnace. Box-type furnaces are simple and low 
cost. However, their disadvantage is that a great deal 
of ash and sparks is produced and sucked into the 
drying chamber. Also, in its current fonn it is difficult 
to improve its thermal efficiency. 

UAF is applying in-store drying technology in 
Vietnam. This requires a furnace capable of long
tenn, continuous operation, stable temperature, and 
minimum labour requirement. Thus, a furnace with 
an inclined grate and a cylindrical combustion cham-

* University of Agriculture and Forestry, Thu Due, Ho-Chi
Minh City, Vietnam. 
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ber, and one with a pneumatic feed system, have been 
developed by UAF in order to meet the objectives of: 
• trapping ash and sparks more thoroughly; 
• improving furnace efficiency; and 
• incorporating a device to automatically control the 

combustion rate and drying temperature. 

Materials and Methods 

Design of furnaces 

Furnace with inclined grate and cylindrical combus
tion chamber (IGC) 

An IGC furnace was designed in 1994 (Fig. 2). The 
lower part is box-shaped, built from fire bricks, and 
has an inclined steel grate. The upper part (patent 
pending) consists of two metal concentric cylinders, 
with the thicknesses of the inner and outer cylinders 5 
and I mm, respectively. The gap between the two 
cylinders is filled with ash. A pipe located in the cen
tre of the cylinders is connected to the furnace exit. 
Rice husks flow down from the hopper and along the 



surface of the grate by gravity and vibration forces 
which were transmitted from the dryer fan to the hop
per via a cable. The dryer fan sucks primary air 
through the grate to burn the charred husk. Secondary 
air is extracted from the dryer fan to create a vortex in 
the cylinder to precipitate ashes and sparks, and burn 
the volatile matter. 

Figure 1. Box-type grate furnace 

DRY[R FAN 

Pneumatic-fed furnace (PNF) 

A PNF furnace was developed in 1995 (Figs 3 and 
4). It has two main components: a combustion cham
ber and a rice-husk feeding system. The combustion 
chamber is built from metal sheet and has two parts
upper and lower-which have the same functions as 
described for the previous furnace. 
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Figure 2. Furnace with Inclined Orate and Cylindrical combustion chamber ( IOC) 
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Figure 3. Pneumatic-Fed furnace ( PNF) 
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Figure 4. Pneumatic-Fed furnace (PNF) at Song-Hau Fann. 1995. 

The rice-husk feeding system consists of a vibrat
ing hopper and a pneumatic conveyer which is pat
terned after a design published by the NRI ( Natural 
Resources Institute, U.K.; Tariq and Lipscombe 
1992; Robinson et al. 1993). Rice husks from the 
hopper flow down to the entry of the pneumatic con
veyer, assisted by a vibrating motor. Together with 
the primary air, husks are forced tangentially to the 
lower part of the combustion chamber and form a 
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vortex. Rice husks are burnt as they fall to the bot
tom of the chamber. Secondary air is extracted from 
a conveying fan to create another vortex in the 
upper part of the chamber to precipitate ashes and 
sparks and burn volatile matter. The rice-husk feed
ing rate is controlled automatically by means of a 
thermostat which switches the vibrating motor on or 
off when the drying air temperature differs from the 
set value. 



Instrumentation 

A test duct 6 m long x 0.6 m diameter (Fig. 5) was 
used to simulate the dryer plenum so as to evaluate the 
characteristics of the furnace. Construction of the duct 
and setting of pressure and temperature measurement 
of air in the duct were adopted from the Japanese 
Industrial Standard code JIS B 8330-1962 (JMTI 
1968). Air pressure was measured by pitot tube and 
digital manometer. A K-type thermocouple was used 
for measuring the ambient and drying air temperatures, 
and a shielded K-type thermocouple for measuring 
combustion chamber temperature. Temperature data 
were recorded by data logger. The CO2 composition of 
the gas at the furnace exit was measured using Baccha
rach equipment. The primary and secondary air of the 
continuous furnace was determined by the orifice plate 
method (MacMillan 1992). This test was conducted to 
fix the position of the entry valve of the conveying fan. 

Efficiency tests 

Tests were conducted at three rice-husk feeding 
rates: 8, 10, and 12 kg/hour. During furnace opera
tion, static and dynamic pressures and drying air tem
peratures were measured from the test duct, while the 
composition (e.g. %C02) of the gas produced was 
measured at the furnace exit. Combustion chamber 
temperature measurement was taken at the centre of 
the cylinder and 60 cm above the furnace bottom. 
Samples of about 250 g of ash were collected after 
each experiment, and sent to the Service Center of 
Laboratory Analysis of Ho-Chi-Minh City for deter
mination of unburnt carbon (%Ue). The furnace effi
ciency (Erf ), the drying air efficiency (Erfdry)' and the 
excess air co-efficiency (%Xe) were determined 
using following equations: 

24.5 ( ) h Eff =-- Tc-Ta / L v 
% C02 

E ffdry 
Mair * Cp(Td - Ta) 

Mf* Lhv 

(1) 

(2) 

O/OCOz = 100 - %Uc . (3) 
4.85102-0.01 * %Uc +0.048752 * 0/0 X" 

where Tc = combustion chamber temperature, °C 
Ta = ambient temperature, °C 
Lhv = average heat value of rice husk, kcallkg 
Mair = airflow rate of dryer fan, kg/s 
Cp = specific heat of dry air, kcallkg 
T d = hot air temperature in test duct, °C 
Mf = rice husk consumption rate, kg/so 

Equation I is derived from heat balance of rice 
husk furnace (INPC 1986), and equation 3 from a 
combustion equation for rice husks (Phan Hieu Hien 
1992). Proximate and ultimate analyses of rice husk 
were obtained from the literature (Beagle 1978; 
Tiangco and Lipscombe 1992). 

Drying tests 

The IGC furnace was tested as a heat source for a 4 t 
flat-bed paddy dryer. Tests were conducted at Long-An 
Province in the Mekong Delta. Other tests of box-type 
furnaces were carried out in Soc-Trang and Can-Tho 
provinces. The PNF furnace was used for an 80 t in
store dryer at Song Hau Farm, Can-Tho Province, also 
in the Mekong Delta. The data were used to evaluate 
practical performance indicators such as drying air effi
ciency, stability, labour requirement, drying cost, etc. 

Results and Discussion 

IGC furnace 

Experiment with test duct. 

Figure 6 shows the temperature difference between 
the air temperature in the duct and ambient temperature 
with respect to time. After 2 hours of operation, the 
temperature difference was stable at about 12°C. A ver
age airflow rate was 4.37 m3/s at a static pressure of 
220 Pa in the duct. Furnace efficiency was about 70%. 

_ measurement I I r 
Test duct V Air te;~:ature and pressures i

lt
Fan 

tf-------i------+o--------=t. . 
I I Adjustable gap to fix air flow rate 1---+----1 ++--- and static pressure in duct Furnace 

Figure 5. Fan test duct. 
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Figure 6. Drying air temperature of IGC furnace test 

Experiment with flat-bed dryer 

The batch of 4 t of paddy was dried from 26% 
moisture content (wet basis) to 14% in 6 hours. The 
rice husk consumption rate was 25 kg/hour with an 
average drying air temperature of 42"C. No ash or 
sparks were observed in the plenum. Ash was dis
charged manually every 20 minutes. Drying air effi
ciency was in the range 70-75% (Table 1). 

Box-type furnaces 

Table 1 shows the results of two box-type furnaces 
coupled to farmers' nat-bed dryers. The drying air 
efficiency was 41-65%. These results are noted here 
solely to illustrate the performanee of most farmers' 
furnaees in the Mekong Delta. 

PNFfurnace 

Efficiency tests 

Rice-husk feeding rates of 8, to, and 12 kg/hour 
were used. Results from experiments showed that the 
furnace operation was stable in the wide range of 
excess air coefficient ( Xc - 50-200% ). The follow
ing quadratic functions show the relationships of the 
combustion chamber temperature (Tc), carbon con
version efficiency (Cce) and furnace efficiency (Eff) 
to the excess a ir coefficient. 
Tc - 728.94 + 0.5169 Xc 0.006990 Xe 2 R2 - 0.98 
Cce = 72.46 + 0.2122 Xe 0.000522 X~2 R2 = 0.96 
Erf- 37.78 + 0.4270 Xe 0.001268 Xe R2 = 0.96 

Maximum furnace efficiency was 75% at a rice
husk feeding rate of to kg/hour and an excess air 
coefficient of 160% (Figs 7-9). 

Drying tests 

In the experiments with an 80 t in-store dryer, a 
drying air efficiency of 84% was obtained. Drying air 
temperature t1uctuated in a narrow range as shown in 
Figures 10 and 11. Average drying air temperatures 
were 28.3°C for recording interval 20 minutes, and 
28.9°C for a recording interval of 2 minutes. Husk 
feeding and ash discharging were manual, at 2 hour 
intervals. Average ambient temperature was 22.8°C. 
Maximum deviation of the ambient temperature dur
ing the experiment was 4°C. The hot t1ue gas was 
clean in terms of ashes and sparks. 
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Figure 7. Effect of excess air on furnace efficiency of 
PNFfumace. 
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Figure 8. Effect of excess air on carbon conversion effi
ciency of PNF furnace. 

Table 1. Results from drying tests of flat bed dryers with paddy in the Mekong Delta. 

Dryers Bin size (m) (0C) Flue gas 

PhungHiep 4x8 48 3.04 40.8 ash & spark 

Dai-Tam 4x9 26 32 4.68 64.5 ash & spark 

UAF 4x8 29 41 4.37 72.0 clean 

Note: Ta - ambient temperature; Td = drying air temperature. 
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Figure 9. Effect of excess air on combustion chamber 
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Figure 10. Air temperature in the plenum of in-store dryer 
(recording interval = 20 minutes) (PNF furnace) 

Conclusion 

The cylindrical chamber with a central pipe created a 
vortex resulting in cleaner flue gas and improved 
thermal efficiency of the furnace. The IGC furnace is 
now preferred by farnlers for flat-bed dryers in the 
Mekong Delta. The PNF furnace, with its stable oper
ation and automatic control of drying air temperature, 
is suited to a continuous operation system. such as in
store dryer or fluidised-bed dryer. 

The construction of both furnaces is simple and 
they can be built by local medium-size workshops. 
They meet the requirement for low drying cost by the 
use of rice husk in the Mekong Delta. 
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Pilot and Commercial Application of 
Ambient Temperature In-store Drying 

of Paddy in Northern Thailand 

R.J. Parkin* 

FORCED aeration of bulk grain has become an 
increasingly popular practice over the last 10 years 
for a variety of reasons. Not only is it beneficial for 
keeping grain cool during storage to better maintain 
quality, it can also be used for slow drying which 
increases head yield of rice following milling, com
pared with traditional sun drying or rapid drying 
using hot air. Furthermore, aeration reduces the like
lihQod of insect infestation. 

There now appears to be adequate definitive 
research to be able to assess the value of ambient 
temperat ,re aeration of paddy rice in particular, com
pared w .. h other methods of drying. Soponronnarit et 
al. (1994) have provided four-quadrant graphs relat
ing initial grain moisture (%), depth of grain, airflow 
rate, drying time, and energy use for both paddy and 
maize. Other workers have developed similar models, 
and computerised simulation of drying for a number 
of variables (Driscoll 1987). 

Despite this definitive work, the application of this 
technology in industry in Thailand has been slow and 
restricted to a few demonstrations close to Bangkok. 

Areas far north of Bangkok face lower tempera
tures and, in many cases, higher relative humidity. 
Average temperature at Uttaradit in August-Septem
ber is 0.5-I.Ooe cooler than Bangkok, and average 
relative humidity is about 5% higher over the same 
months. So there was some concern that the tech
nique of ambient temperature aeration may not be as 
successful for paddy drying in the wet season as it is 
at more southerly locations. 

The Thai-Australian Agricultural Project, which 
had been assisting a large farmer group at Tron in 
Uttaradit Province establish facilities at a central 
grain market centre, conducted a small demonstration 
of aeration drying in the 1994 wet season. This was 

* Cambodia-Australia Agricultural Extension Project, 
Department of Technical, Economic and Extension, 
MAFF Box 1239, Pnom Penh, Cambodia. 
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done in one 50 t bay of a raised floor concrete store. 
In 1995, farmers and tr.:.ders at the centre decided to 
build a new 300 t store suited to bulk handling and to 
incorporate in-store aeration. 

Materials and Methods 

In 1994, 600 mm wide semi-circular, corrugated duct
ing was used in a 6 x 6 m compartment of a lOO t con
crete store. Ducts were 2 m apart and supplied by a 
backward curving centrifugal fan delivering 3.15 m3 

air/sec (specific airflow of 1.9 m3/minlm3 of paddy). 
Only one batch of grain was tested, as the facilities 
were not completed until near the end of the wet sea
son harvest. The test was carried out on 54 t of paddy 
of initial moisture content 20.9%. The depth of the 
grain bed was 3.5 m. A comparable batch of paddy was 
sun dried on a concrete pad to 14.7% moisture content 
and stored in the other compartment of the concrete 
store. Grain moisture levels were monitored at the top 
of the stack only, at regular intervals during the drying! 
storage period, using a standard Kett moisture meter. 
Temperature of the grain mass was monitored continu
ously using thermocouples linked to a Delta-T data 
logger. Paddy samples were taken at the beginning and 
end of the storage period and analysed for head yield, 
moisture content, and grain yellowing. 

In 1995 the new store was constructed and the aer
ation system installed. The store consists of three 
open-fronted bays each 15 m long and 4.8 m wide. 
Each bay has two in-floor air ducts, 2.25 m apart and 
1.25 m from each wall. The ducts are 50 cm wide, 
while the duct plenum chambers are 40 x 40 cm at the 
fan end, tapering to 40 x 20 cm at the store entrance 
end. The ducts are fed by two 5.5 kW backward curv
ing centrifugal fans, each supplying 3.15 m3 air/sec. 
By means of a series of valves in the ducting mani
fold and the ducts themselves, six different airflow 
rates can be used, ranging from 0.3 to 3.8 m3/minlm3 

of grain, assuming a full storage depth of 3.5 m. 



Thus, the system is very flexible, allowing for very 
low airflow rates for aeration cooling, through to the 
higher airflow rates required for grains such as maize, 
higher moisture grain, shallower depths of grain, or 
when storage time becomes more important than 
minimising specific energy consumption. 

Thermocouples were installed temporarily in the 
rear of one bay only, to monitor temperature during 
the first drying cycle. Relative humidity and ambient 
temperature were also continuously recorded on a 
Delta-T logger. 

To guide the operation of the aeration/storage sys
tem, a series of simulation drying runs was carried 
out using the computer program developed by the 
University of New South Wales, Australia (Driscoll 
1987). As hourly temperature and relative humidity 
data are not available for Uttaradit, hourly data from 
Don Muang (Bangkok) for 1970 were used, as these 
most closely approximated the average data for Utta
radit. Based on these, a management manual was pro
duced using a time clock basis of fan operation. 

A record system was established to record market 
inflows and outflows of paddy for the whole of the 
wet season. 

Results and Discussion 

1994 

While the testing of aeration drying did not com
mence until very late in the wet season harvest (16 
August), it did provide the opportunity to test the 
approach at the most difficult time of the year. 
Because of the commercial nature of the market cen
tre, strictly controlled conditions could not be 
enforced. Delays were experienced in starting 
because of the difficulty of concrete pad drying of 
paddy to the intended initial moisture content of 18-
19%. Actual initial moisture content was 19.8% for 
the first 28 t loaded, and 21.9% for the remaining 26 
t. Conditions were exacerbated by a motor failure 
after 2 weeks, resulting in a halt in aeration for 8 
days. The temperature of the grain was approxi
mately 50°C at commencement, and while aeration 
then maintained the stack at 28-31°C, during the 
period of motor failure, temperatures reached almost 
64°C above the drying front. 

The fan was run continuously for the first 2 weeks 
but after the motor failure the intention was daylight 
use only. For a variety of reasons, this was not 
adhered to. Over the period of the test (37 days) the 
fan operated for 490 hours. During that time, the esti
mated total time that relative humidity was below 
80% was 172 hours so the fan was operated often to 
no effect. The fan size was larger than required (to 
allow for future extension of aeration) and the stack 
was over-dried (aeration continued until the top of the 
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stack reached 14.5% moisture). As a consequence the 
cost of drying of approximately 100 Bahtlt (about 
US$4/t) was unacceptably high. 

Despite the problems there was no difference in 
grain yellowing between this grain and the paddy that 
had been concrete pad dried and stored without aera
tion. These and other details are shown below in Table 
1. The large difference in percentage head rice yield 
shown in the Table can be largely but not entirely 
explained in that, due to error, the last 26 t ofthe aer
ated stack (48%) was Chainat variety, whereas all 
other grain used was Suphanburi 60 which has a lower 
average head yield. Irrespective of any differences, the 
trader purchasing the rice did not differentiate between 
the two stacks and paid the same price/t for each. 

Table 1. Details of aeration and grain characteristics fOT 
paddy drying demonstration 1994. 

Paddy characteristic 

Grain moisture (% wet basis) 

Head rice top 

(%) 

Grain yellowing 

(%) 

1995 

middle 

bottom 

top 

middle 

bottom 

Aerated Unaerated 

Initial Final Initial Final 

20.9 13.0 

53.1 58.3 

- 55.9 

- 60.5 

0.29 1.36 

1.41 

- 0.19 

72 

14.7 

39.8 

0.25 

12.1 

46.3 

41.4 

35.9 

0.69 

1.22 

- 0.67 

62 

Despite a much longer lead time in 1995, a series 
of mishaps delayed commissioning of the new store 
and aeration system until the end of July (the end of 
donor assistance). At the time of this conference, pre
liminary information obtained from Tron Central 
Grain Market was that 3 weeks of deliveries occurred 
after commissioning, yielding a total of less than 500 
t of paddy. None was totally dried by aeration but 
approximately half was stored and aerated for 3-5 
days and then sold. Thus, the system has yet to be 
evaluated for wet season drying. 

The simulation runs carried out indicate that, over 
the period of wet season deliveries, some 800-1000 t 
of wet paddy could be aeration dried in the new store, 
at an estimated cost of 34 Bahtlt. However, even 
given full use, this only represents 10-12% of the 
1995 wet season deliveries (see Table 2). Further
more, full and efficient use of ambient temperature 
aeration drying can occur only in conjunction with a 
hot air dryer used for first stage drying. Of the 95 
days of wet season deliveries, only 47 were suitable 
for any degree of concrete pad drying. 



Table 2. Pattern of paddy deliveries, Tron Central Market 
1995 wet season. 

Time period 

27-3115 

01-05/6 

06-10/6 

11-15/6 

16-20/6 

21-2516 

26/-30/6 

01-0517 

06-1017 

11-1517 

16-2017 

21-2517 

26-3017 

3117-0418 

05-09/8 

10-1418 

15-19/8 

20-2418 

25-29/8 

Total 

Quantity 
received (t) 

313.6 

615.7 

509.8 

627.1 

711.7 

800.2 

632.8 

226.3 

766.0 

707.3 

594.8 

714.1 

298.3 

377.3 

118.9 

132.5 

118.0 

75.4 

2.4 

8342.2 

Quantity disposed (I) 

Wet Dried 

n.r. n.r. 

272.3 166.9 

198.3 178.1 

181.5 

286.5 

275.0 

481.0 

126.3 

539.5 

551.2 

413.5 

464.3 

384.0 

218.1 

117.5 

131.8 

37.9 

51.7 

4750.4 

5\3.2 

372.6 

430.0 

291.6 

\34.7 

117.4 

160.1 

151.6 

269.4 

57.9 

36.3 

40.5 

42.6 

2964.9 
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Conclusions 

Ambient temperature aeration drying of paddy during 
the wet season can be successfully carried out in the 
northern region of Thailand, but heat-assisted aera
tion and 'dryeration' will be more practical than aera
tion drying alone. Despite training, farmer 
cooperatives have yet to determine how 10 best oper
ate aeration systems. 
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Use of Existing Pig Pens as Drying Bins for 
Wet Season Paddy Harvest 

M.C. Pasikatan*, G.C. Salazar*, and E.U. Bautistat 

THREE major constraints to farmer adoption of 
mechanical dryers are their high initial investment, 
high drying costs, and low utilisation rate. In the Phil
ippines, farmers have to invest about PHP34 000 
(during October 1995 ca 26 Philippine pesos (PHP) 
US$I) for the lowest cost mechanical dryer-a f1at
bed dryer with a kerosene burner-which will only be 
used for about a month per year. Generally, farmers 
think they need mechanical dryers only during the 
wet-season paddy harvest, when the least cost 
dryer-sunshine-is not available or is unpredicta
ble. During the dry season and in the absence of 
incentives to deliver higher quality grain, mechanical 
dryers are no match for sun drying. 

Farmers usually tend at least one pig for cash pur
poses and pig pens are thus common structures in farms. 
Farmers with more than one hectare landholding usually 
own a power tiller, or have means to rent one for their 
needs. A pig pen and an engine provide a means for 
facilitating farmer adoption of mechanical drying. 

A scheme to reduce initial investment and drying 
costs, and offset low utilisation rate by utilising exist
ing pig pens as flat-bed, batch type drying bins, exist
ing power tiller engines as prime movers, acquiring 
dryer components by modules, and using rice hulls 
for drying fuel, has been tested in Tarlac, Philippines. 

Materials and Methods 

The dual-use drying bin 

A farmer in Tarlac, Philippines, who owns a tiller 
powered by a 5 h.p. diesel engine was selected as 
cooperator. Beside his house was a 2.6 x 3.5 m pig 
pen. The concrete wall and nooring were utilised as a 
drying bin. A 50 x 150 mm wooden beam was placed 
transverse to its length to support six detachable 1.8 x 

* Agricultural Engineering Division, International Rice 
Research Institute, Los Banos, Laguna, Philippines, 

t Rice Mechanisation Program, PhilRice, MUiioz, Neuva 
Ecija, Philippines. 
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0.8 m wooden-framed El sheet with 2 mm perfora
tions. Concrete was poured on top of the existing pen 
wall to make an additional 0.36 m high enclosure. A 
42 cm diameter blower housing was fitted perma
nently to the middle of the narrow side of the pig pen. 
Adjacent to this, a concrete base for the engine and 
straightener-vane blower system was installed. An 
IRRI-designed portable step-grate rice-hull furnace 
completed the system (Fig. I). 

The scheme involved raising pigs in the pen from 
November to July, then using it as a drying bin for the 
wet-season harvest months. The farmer either dries 
his own harvest and stores it for a better price, or pro
vides paid drying services to his neighbours. 

Performance tests 

The pig pen drying bin-rice hull furnace (PDB
RHF) batch dryer system was tested using the RNAM 
test code for batch dryers and IRRI batch dryer test 
procedures, with slight modifications to suit available 
instruments. The furnace temperature, drying and 
ambient air temperature, ambient and exhaust relative 
humidity, grain moisture changes, and rice hull and 
diesel fuel consumption were monitored as drying 
proceeded. Batches of grain were dried under day
and night-time conditions. 

Economic analysis 

The profitability of the dryer was analysed, in com
parison with that of a typical flat-bed dryer (FBD) 
and using utilisation rates of 30, 40, 50, and 60 t/year 
(15-30 days per year, 2 batches per day), and price 
differences of PHPI to PHP6 (based on present 
prices). For other assumptions see Table 1. 

Results and Discussion 

Dryer performance 

Under daytime ambient conditions (T - 34.6°C, r.h. 
= 56.6%) and a drying air temperature of 44°C, paddy 
of 21 % moisture content was dried to 14% in 5.7 hours 



or 1.18%/per hour moisture removal (or 14.8 kg H201 
hour). It was difficult to sustain the combustion of rice 
hulls, hence the variation in drying air temperature. This 
also caused losses in drying time. There was, at most, a 
3°C drying air temperature variation within the plenum, 
which is typical of flat-bed dryers. The grain depth of a 
batch of I t was 16.5 cm, and for 2 t was 30.5 cm. 

Under night-time ambient conditions (T = 26.6°C, 
r.h. - 76.5%) and a drying air temperature of 37.4°C, 
paddy of 21 % moisture content was dried to 16% in 7.4 
hours or 0.77%/per hour moisture removal rate. The 
drying air temperature could not be increased to 43°C 
because of low ambient air temperature and ambient 
relative humidity, characteristic of evening conditions. 

It took 0.7-1.3 person-hours to load the wet grain 
and 1.5-2 person-hours to unload the dry grain. Rice 
hull consumption was 7.0-9.6 kg/hour and diesel fuel 
consumption 0.44-0.52 Uhour. 

Economics of the PDR-RHF dryer 

Like any mechanical dryer, the economics ofPDB
RHF is sensitive primarily to the price difference 
between wet and dry paddy, and secondly to annual 
utilisation rate. However, beeause of lower initial 
investment and drying cost than the FBD, it is less 
sensitive to these two factors. 

At a price difference of PHPl, investing in a 1 
dryer is not economical, even at an ideal utilisation 
rate of 60 t1year. At a price difference of PHP2/kg, 
the PDR-RHF dryer becomes profitable, while the 
FBD is still not so. At a price difference of PHP3/kg, 
the economics improved for both types of dryers, 
even for 30 t1year utilisation rate (Fig. 2), for which 
the annual net benefits for FBD and PDB-RHF were 
PHP27047 and PHP39197, respectively. This corre
sponds to payback periods (PRP) of 2.4 and 0.9 years, 
respectively. 

The price difference for 1995 wet-season paddy 
was PHP6~7/kg, and for 1994 dry season paddy 
PHP3-P3.5, indicating that there are good prospects 
for increased adoption of mechanical dryers. 

The drying cost as per cent of wet paddy was lower 
for the PDB~RHF system, ranging from 7.5-11.5% 
compared with the 12.7-19.6% of the FRD. 

The lower investment and drying costs resulting 
from dual use of the drying bin, multiple use of the 
engine, and use of rice hulls for drying fuel mean that 
the owners ofPDB-RHF systems would recover their 
investment more rapidly. In future applications, to 
further lower the drying cost, the dimensions of the 
pig pen-drying bin may be increased to bring its dry
ing capacity per batch to 2 t or more. 

Figure 1. The pig pen drying bin-rice hull furnace (PDB-RHF) concept. 
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Table 1. Basic data used in economic analysis. 

Investment cost (PHP',) 

drying bin 

diesel engine 

rice-hull furnace 

shed 

Drying capacity 

Utilisation rate (days/year) 

No. of batches/day 

Labour requirement 

operation 

loading/unloading 

Fuel requirement 

diesel 

rice hull 

kerosene 

Repair and maintenance cost 

Laboureost 

Price of we I paddy (26% m.c.) 

Price of dry paddy (14% m.c,) 

Interest rate 

64,000 

34,000 

20,000 

n.a. 

10,000 

I t in 8-10 hours 

15,20,30 

2 

IIbatch 

I person-hour!t 

0.5 Lihour 

n.a. 

2 Uhour 

10% IC 

PHP lOO/person-day 

PHP5ikg 

PHP6-12/kg 

24% 

34,000 

22,000 

n.a.d 

12,000 

n.a. 

I I in 8-10 hours 

15.20,30 

2 

I/batch 

I person-hour/! 

0.5 Uhour 

10 kg/hour 

n.a. 

10% IC 

PHP 100/person-day 

PHP5/kg 

PHP6-12/kg 

24% 

• FBD - flat bed dryer system (kerosene burner). 
bPDB-RHF = pig pen drying bin-rice hull furnace system; assumes farmer already owns a diesel engine or can rent one at PHPIOI 

hour. 
C During October 1995, ca 26 Philippine pesos (PHP) US$I. 
dn,a. = not applicable. 
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It was observed that the farmer's wife used the 
heated top surface of the furnace to roasl tupig (a 
native sweet delicacy). This suggested the concept of 
a rice hull furnace-cum-slOve to further increase the 
utility of the furnace. 

Conclusions and Recommendations 

The tests indicated typical flat-bed batch dryer per
formance in terms of factors such as drying air tem
perature variations within the plenum and grain 
moisture variations. With skilful tending of the fur-

Figure 2, Annual net benefit of a flat-bed dryer and the 
pig pen drying bin-rice hull furnace (PDB
RHF) dryer system a! varying price differences 
between wet and dry paddy, and various utilisa
tion rates. 



nace to maintain a plenum temperature of 4O-50°C, a 
drying time of 5-6 hours is possible for a I t batch of 
wet paddy for typical daytime conditions, or 8-10 
hours for a 1 t batch of wet paddy for typical night
time conditions. 

The average rice hull consumption during the tests 
was 8.32 kglhour, while an average of 0.5 Uhour of 
diesel fuel was used .. The rice-hull feeding and ash 
removal system for the furnace need to be improved 
for a more uniform and sustained furnace tempera
ture. 

Based on shorter drying time and lower moisture 
variation, the recommended depth of grain on the bin 
is from 16.5-25.4 cm (this corresponds to 1-1.5 t of 
wet paddy per batch). 
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Raising of pigs must be timed such that the pig pen 
has been vacated before the wet-season paddy har
vest. 

The PDB-RHF was economically attractive 
because of its low investment and drying costs. It 
becomes profitable at a price difference between wet 
and dry paddy of PHP2 if its utilisation rate is at least 
30 t/year. To make the PDB-RHF system more eco
nomical and thus more acceptable, the capacity per 
batch may be increased, and a rice-hull furnace-cum
stove may be designed for all-year round cooking, 
and as furnace during wet-season paddy drying. 



Case Studies on Moisture Problems in 
Guyana Brown Rice 

D. Permaul* 

In 1991, the Guyana Government began to deregulate 
the rice industry. This started a steady increase in rice 
production culminating in the largest ever exports of 
rice from Guyana, some 183000 tin 1994. Much of 
the rice exports are semi-processed. An analysis of 
rice export figures for the past 5 years from Guyana 
shows that increasing amounts of brown rice (known 
as 'cargo rice' in Guyana) are being exported (Table 
I). Millers and warehouse managers thus have to 
manage increasing amounts of brown rice over sev
eral months, an aspect of the business which is largely 
unfamiliar to them since in the past they have handled 
mostly paddy and milled rice. 

Table 1. Guyana brown (cargo) rice exports as a 
percentage of total rice exports. 

Year Total rice exports (t) % rice(t) 

1990 61000 49.4 

1991 41 ()()() 74.1 

1992 115 ()()() 46.3 

1993 124000 61.7 

1994 183 ()()() 84.2 

Source: Guyana Rice Export Board, unpublished data. 

Within the past two years there have been cases in 
which Guyana brown rice began to deteriorate in stor
age. This study examines three of these cases and 
tries to determine what went wrong to cause the spoil
age both from a scientific and managerial perspective. 
Specific recommendations designed to minimise such 
losses are discussed. 

* Faculty of Agriculture, University of Guyana, Turkeyen 
Campus, East Coast Demerara, Guyana. 
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Case 1 

Facts 

Rice storage and processing facility A produces 
about 20000 t of rice annually. Paddy at high mois
ture is processed into brown rice for export. Rice is 
stored in 400 t steel silos until ships arrive. Recently, 
rice in 4 silos (1600 t) heated up, and eventually 
developed a strong musty odour, Samples collected 
from various depths in the grain bulk were examined 
by the Government Analyst Department and found to 
contain fungi, mainly the genera Aspergillus and Pen
icillium. Moisture content of the samples was deter
mined using a calibrated Motomco Model 919 meter. 
The moisture content of all samples was between 15 
and 16%. The entire consignment of 1600 t was 
declared unfit for human food and had to be sold as 
animal feed at about 20% of its unspoiled value. 

Findings 

The main findings of discussions with company 
personnel were as follows: 
• Management experimented with varying paddy 

moisture content so as to obtain optimum head rice 
recoveries. It was determined that using variety 
Rustic at 14% moisture content, the best head rice 
yields were obtained. 

• After each pass through the artificial dryer, paddy 
was immediately returned to the dryer without 
being allowed time to equilibrate. Upon achieving 
14% moisture content the grain was immediately 
dehuIled for storage prior to shipping. 

• Moisture content of rice was not determined after 
processing or during storage in silos. 

• Silos were not equipped with temperature sensors 
to detect changes in the grain bulk. 

Solution 

It seems that in this case the grain, after passing 
through the dehulling process, might have been at a 
moisture content which was unsafe for storage or was 
still equilibrating, resulting in a higher storage mois-



ture content. In either case, this high moisture could 
have resulted in fungal proliferation. 

Secondly, the quantities with which the moisture 
content/head yield experiment was carried out were 
far too large and hence became costly in the event of 
failure. 

Monitoring moisture and temperature is an integral 
part in loss prevention in stored grain. Moisture 
meters were available to the oftlcials but were not 
used. The silos too need to have a reliable system of 
measuring temperature rises in a bin. Additionally, 
the experimental methodology adopted must be more 
rigorous so that scientific conclusions can be gleaned. 

ease 2 

Facts 

Rice storage and processing facility B produces 
about IS 000 t of rice per year. As in case A, paddy at 
high moisture is processed into brown rice for export. 
Rice is packaged in woven SO kg polypropylene bags 
and stored in stacks of about 1000 t until shipped. 

One of these stacks heated up and a mild odour was 
evident. Before it had been observed that the rice was 
beginning to deteriorate, 300 t were loaded onto a 
ship and eventually had to be removed manually. The 
entire consignment of 1000 t was redried and milling 
yield was reduced. 

Findings 

• The moisture content of paddy at milling was high 
as shown by records. 

• There was a delay between the time the Quality 
Control Department indicated that the milling 
moisture was high and the time action was taken to 
arrcst the problem. 

• Weckly quality reports on cargo ricc were not made. 
• A cargo rice moisture chart was only recently pro

cured. 
• Silo drying staff lapsed in the amount of moisture 

removed from a given consignment of paddy at a 
specific moisture content. 

• Paddy of different moisture has been stored in the 
same bin. 

• Staff involved in the processing and storage of rice 
were poorly supervised. 

• The national regulatory body was tardy in deter
mining the moisture content and temperature of the 
affected shipment. 

Solutions 

• Moisture content at the time of milling should not 
exceed 13%. This can be achieved by the following 
- appropriate solar or artificial drying; 
- moisture checks on incoming paddy, paddy leav-

ing after each drying pass, padd)\ that has been 

3S0 

tempered for a minimum of 8 hours, paddy that 
is stored in bins and bags and, on a half-hourly 
basis, paddy that is going to the mill. Results 
must be used to make timely decisions on drying, 
storage, and milling; 

- twice daily physical examination of paddy stor
age bins for heating, condensation, and increase 
of moisture, and taking appropriate action such 
as drying and acration. 

• Quality control reports with the following informa-
tion should be made on all cargo produced: 

half-hourly moisture content of cargo rice pro
duced. This should not exceed 13.8%. As soon as 
this happens, milling should be stopped and only 
paddy of suitable moisture milled. The rejected 
batch should be dried; 
quantity of cargo in stacks; 
factors such as discoloration, yellowing, insect 
infestation, moisturc content, paddy, chalky, 
green, insect damaged, etc. This should be done 
weekly; 

- temperature of the stacks and bins. Bin tempera
turc will need engineering work. Stack tempera
turc can be measured with a grain thermometer. 

• The Quality Control Departmcnt should be 
empowered to stop the mill if the moisture content 
is unacceptable. 

• Managcment supervision must be improved to a 
level where timely decisions can be made, espe
cially with refercnce to critical factors such as 
moisture content. 

Case 3 

"Facts 

Private entrepreneur C exports Guyana cargo rice 
in 20 t steel containers. These are fumigated, sealed, 
and stored in the open at wharves before export. One 
consignment of 20 containers stored for 4-S weeks 
deteriorated. Several sections within the grain bulk of 
each container were cakcd, musty smelling, and were 
rejected for export. Much of this rice was sold at a 
very low price as animal feed. 

Findings 

• Moisture content was not measured before loading. 
Samples taken showed a moisture content of IS-
16%. 

• Monitoring of containers after fumigation was not 
carried out. Such monitoring was not easy as a 
result of wharf and customs regulations. 

Solutions 

The grain in this case might have been at a safe or 
unsafe storage moisture. Even if it had been safe ini
tially, moisture condensation caused by differential 



heating during the day might have created conditions 
for spoilage. 
• Moisture content of potential export rice must be 

measured with an accurately calibrated meter and 
should not exceed 14%. Ideally, moisture content 
should be about 13.5% for cargo rice . 

• There should be timely shipping of containers. 
When not possible, containers should be kept under 
cover. 

Discussion 

Spoilage organisms 

In each of the three cases described, high moisture 
seems to have contributed to the deterioration. The 
fungi most consistently associated with incipient 
grain deterioration are members of the genera 
Aspergillus and Penicillium (Lin 1986). Apart from 
the requirements of a suitable substrate and atmos
pheric conditions, the most critical conditions for the 
growth of fungi are summarised in Table 2. Clearly, 
once rice is stored at an equilibrium moisture content 
which is equivalent to slightly less than 70% relative 
humidity. fungal deterioration can be avoided. 

Once rice is moist enough for fungi to grow there is 
rapid proliferation which may be associated with dis
coloration (Phillips et a1. 1989). increase in chalky 
grains (Quitco and Ilag 1982), mycotoxin contamina
tion (Pit! 1991) and, finally, a caked, musty, rotting 
mass (Christiansen and Sauer 1982), if conditions 
remain favourable. 

Integrated strategies 

Spoilage can be reduced if integrated strategies are 
applied along the whole postharvest chain in Guyana. 

Maintenance of machines and equipment 

Faulty or inefficient machinery takes longer to proc
ess rice and inereases the risk of fungal attack. Critical 
pieces of equipment such as elevators, conveyers, dry
ers, and cleaners deserve much more care and mainte
nance than others. Maintenance and calibration of 
moisture meters must also form part of this program. 

Sanitation and hygiene 

Good sanitation eliminates conditions which 
favour storage pests and minimises infestation arising 
from such reservoirs. Insect infestation is known to 
initiate heating in grains (Howe 1962). 

Harvesting 

Before harvesting, the combine should be cleared 
of previous grain debris or treated with an insecticidal 
fog to eliminate residual infestation. Combine setting 
and speed must be adjusted and fine-tuned to derive 
maximum yield, minimum damage to the grain, and 
low dockage. Dockage may contribute to 'hot spot' 
formation in grain (Hall 1963). 

Drying 

Proper paddy drying is probably the single most 
important act to reduce fungal spoilage in cargo rice. 
Where artificial dryers are used, the manufacturer's 
recommendations should be followed. 

Storage 

Having dried the incoming paddy to 12-13% mois
ture content it may then be stored in clean bags, silos, 
or flat-bulk stores. Stocks should be built on dunnage 
to minimise 'wetting' of bottom bags. Adequate 
space must be left around stocks to facilitate inspec
tion, sampling, pesticide application, and grain 
removal. 

Inspection and sampling 

Once paddy is stored, the need for inspection and 
sampling, followed by accurate measurements, 
becomes critical. These activities are to: 
• locate unsanitary conditions conducive to pest mul

tiplication; 
• nnd infestation that already exists; and 
• determine what, if any, control measures are 

needed. 
During this procedure, moisture content of stored 

paddy and temperature of stacks and bins should be 
closely monitored so as to provide timely information 
on incipient detcrioration. 

Table 2. Approximate eonditions of relative humidity and temperature for the growth of common storage fungi. 

Fungus Minimum relative humidity (%) Minimum temp. Optimum temp. eC) Maximum temp. (OC) 

Aspergillus restrictus 70 5-10 30-35 40-45 

AsperJiillus glaucus 73 0-5 30-35 40-45 

AsperJiillus candidus 80 10-16 45-50 60-65 

Aspergillus flavus 85 10-15 40-45 45-50 

Penicillium spp. 80-90 5-10 20-25 35-40 

Source: Lin 1986. 
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Processing of paddy 

The moisture content of paddy entering the mill 
must be rigidly controlled so as to produce cargo rice 
not exceeding safe storage moisture levels. 

Cargo rice stacks produced must also be monitored 
during storage. This kind of monitoring is the respon
sibility of quality control personnel and a practical 
regime must be worked out. The regulatory body can 
also be asked to monitor moisture content of cargo 
rice entering trade. 

Stock management 

Whenever it is compatible with the objectives of 
management, rice brought into storage should be the 
first to leave, whether it is being sold or scheduled for 
milling. This lowcrs time spent in storage and mini
mises the risk of spoilage. 

Record keeping 

Properly kept records are especially helpful in 
making decisions which may affect grain moisture 
levels. and over a period of time provide a source 
from which in-depth analyses can be carried out per
taining to drying. 

Conclusions 

High moisture brown (cargo) rice can deteriorate rap
idly under Guyanan conditions, leading to severe eco
nomic losses. In aJJ three cases examined, high 
moisture and subsequent fungal proliferation seem to 
have been responsible for the spoilage. If high mois
ture cargo rice is produced, then it means that mois
ture content in rough rice or paddy is not controlled 
adequately. None of the series of measures identified 
can individually ensure safe levels of moisture in 
cargo rice, but collectively can minimise the kind of 
damage detailed in the cases here. Many of these 
measures are interdependent. Failure to store dried 
paddy on pallets or dunnage, which helps to prevent 
moisture migration from the floor to the grain, serves 
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to illustrate this interdependence. As Guyana begins 
to deal more in brown rice, the need to apply the strat
egies outlined here will become more critical if spoil
age is to be kept within manageable limits. 
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Grain Drying in a Batch Fluidised-bed Dryer 

Pham Cong Dung* 

Abstract 

Fluidisation has long been used for grain drying around the world. The principal advantages of this technol~ 
ogy are: the heat and mass transfers between the airflow and grain are very great; the dryer is simple and 
small. so the initial investment is rather low; and the moisture content ofthe product is uniform. In Vietnam. 
fluidisation has not yet been used widely, so it is necessary to study the effect of factors such as air temper
ature and velocity on time of grain drying in order to optimise fluidised-bed drying. A series of laboratory
scale experiments was conducted on maize and paddy using a batch fluidised-bed dryer. The following con~ 
clusions were drawn. 

• The air velocity has no significant effect on drying rate. After fluidisation, further increases in air velocity 
do not affect drying rate. It is thus necessary to determine a stable hydrodynamic regime for the fluidised 
bed. 

• The drying air temperature has a significant effect on drying rate. The drying rate with air at 95°C is ap
proximately twice as fast as with air at 15°C. An empirical formula which shows the relationship between 
drying lime and the air temperature for some agricultural products was obtained by applying the least 
square method to the experimental results. 

* Post Harvest Technology Institute. 4 Nguyen, Hanoi, 
Vietnam. 
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Development of a Conduction-type Dryer for Paddy 

Banshi D. Shukla* and Robert E. Stickneyt 

SUN DRYING is an inexpensive and convenient method 
of drying crops. In rice-farming areas, however, it is 
undependable when paddy is harvested in the wet 
season and, because of clouds and rain, drying is 
delayed. This problem has led to the development of a 
variety of low-capacity paddy dryers. None of the 
present designs has been widely accepted, generally 
because the cost is high for a device that is used only 
when sun drying is prevented by rain or overcast 
weather. With this in mind, a simple, low-cost 'heated 
floor dryer (HFD)' which complements sun drying 
and utilises rice straw as fuel has been designed and 
developed, and a pilot model tested. 

The basic concept is that the HFD will be used only 
when sun drying is prevented by weather and it will 
serve to pre-dry paddy to a moisture content of about 
18%, which is adequate for temporarily storing the 
grain until weather allows complete drying under the 
sun. This is an extension of the concept of conduction 
drying, in which a metal floor is heated by circulating 
hot water, and the paddy is dried on the hot floor in a 
way similar to traditional drying on a hard floor under 
the sunlight. The principal attribute is that it is a sim
ple technology that, during cloudy or rainy periods, 
complements sun drying. Moreover, the same labour 
force used for sun drying is used for heated floor dry
ing at the time when workers would otherwise be idle 
due to cloudy or rainy weather. 

As shown in Figure I, the main components of the 
HFD are: 

• a furnace in which rice straw is burned to heat 
water to the desired temperature (e.g. 90°C); 

• a pump for circulating the water from the furnace 
water jacket to the drying floor; 

* Central Institute of Agricultural Engineering, Nabi Bagh, 
Berasia Road, Bhopal (MP)-462038, India. 
Fonnerly Agricultural Engineer, International Rice 
Research Institute, Los Banos, Laguna, Philippines. 
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• a metal drying floor, heated internally by circulat
ing water; and 

• a roof to protect the floor from rain. 
By locating the HFD next to the conventional sun

drying floor, it is easy to push the paddy from sun 
dryer to HFD when clouds appear. The capacity of 
the dryer is I t/day, which meets the needs of small 
groups of farmers such as milling and marketing 
cooperatives in areas where labour-intensive drying is 
more appropriate than mechanised drying. 

The drying rate is controlled by the vaporisation 
process rather than by heat or mass transfer processes 
in such types of drying systems, and the following 
equation represents the true picture: 

drying rate = K[/e = K2 exp (-hfg'RT) 

where, K[ and K2 are constants, e is drying time, 
hfg is latent heat of vaporisation of water, R is the uni
versal gas constant, and T is absolute temperature in 
kelvins (K). On solving the above equation and sub
stituting the value of hfg = 9714 call mole for water 
and R = 1.987 callmol K, we get: 

8/8 (lIT) [log e] = 1803.97 K 

Therefore, as shown in Figure 2, the solid line 
drawn through the data has slope of the curve equiva
lent to 1803.97 K, which confirms the hypothesis that 
the rate-controlling step of HFD is vaporisation of 
water rather than heat and mass transfer. 

The quality parameters of milled rice dried with 
HFD were also analysed. As shown in Figure 3, the 
grain breakage (per cent broken grains) is lower for 
HFD than conventional sun drying, even at a temper
ature of 90°C. The drying process appears to be satis
factory under conditions of high atmospheric 
humidity (80-90%), as occur during rainy periods. 
The grain breakage is substantially lower for HFD 
than traditional sun drying (e.g. 7-25% versus 30-
66%). No parboiling effect was observed after drying 
the paddy with HFD. 



Figure 1. Schematic diagram of heated floor dryer showing different components: I, boiler; 2, expansion tank; 3, chim
ney; 4, electric motor; 5, water pump; 6, drying plates; 7, wood support; 8. dryer shed. 
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Rice Husk Furnace and Reversible 
Airflow Grain Dryer 

P. Kuizon* 

RICELANDS in the Philippines are mostly in small lots, 
less than 10 ha, having been inherited from generation 
to generation by an increasing number of heirs. 

Land reform subdivided further the lots for tenant
farmer beneficiaries, most of whom have organised 
into cooperatives. Cooperatives need dryer capacities 
from 5 to 10 tons daily or several units of such capac
ity because rice is planted in at least 5 varieties. 

If a single large dryer is used, the different varieties 
have to be mixed for drying. Mixing varieties of dif
ferent kernel sizes does not promote efficient milling. 
For efficient milling, the different varieties must be 
dried and milled separately. 

Furthermore, because paddy eomes from many 
sources (members of the cooperative), it arrives at the 
dryer site in different moisture contents providing 
another reason for separate drying. 

Use of Rice Husk in Grain Drying by 
Direct Heating 

How the rice husk furnace came to be developed 

When my wife and I put up a rice mill in 1970, we 
could mill only during sunny days as paddy was sun 
dried. Unfortunately, in the Philippines, the harvest 
season coincides with the rainy season. 

We experimented with a kerosene-heated flat-bed 
dryer. After developing the dryer in about one year, 
farmers and millers brought their paddy to us for dry
ing. They subsequently asked us to build dryers for 
them, and thus began our commercial production of 
dryers. Kerosene then was very cheap, P 0.20/L. 
Later, when an energy crisis hit the country, kerosene 
became too costly as a drying fuel: its cost went up 
more than 30 times. 

Meanwhile, abundant unwanted rice husk was 
available in our rice milL It had low moisture content 
and was probably the driest among the agri-wastes. 
This made it a good heating fuel if properly burned. 

* P. Kuizon Enterprises, 6525 Balo, Leytc, Philippines. 
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We experimented with three furnace designs that 
should produce not only smokeless combustion but 
also zero or negligible fly ash. Heating was direct for 
high thermal efficiency and lower production cost. It 
took almost two years to come up with a model of 
acceptable performance. It had stepped-grate, 
updraught flow of flue gas through the expanding 
volume of the combustion chamber, and was 
equipped with an ash settling chamber. Induced draft 
from a drying fan provided combustion air. 

The two-face furnace 

As demand for drying capacities grew, larger heat 
generating capacities of furnaces became necessary. 
The first model was good only up to 3 t paddy capac
ity. For larger heat generating capacity, we came up 
with a design of 'two-face' stepped-grate furnace 
which had two furnaces installed facing each other 
(Fig. I). The advantage in this design is that the two 
furnaces facing each other without any wall between 
them, burned each other by their radiant heat, result
ing in a more complete combustion. Each furnace 
face had an inclined feed hopper. A vibrating ash 
grate unloaded ash. 

Fuel consumption 

As tested by the National Postharvest Institute for 
Research and Extension (NAPHIRE) in 1982, fuel 
consumption was 4.26 kg/hr rice husk per t of paddy 
loaded into the dryer. The same test also showed our 
dryer had the highest drying system efficiency among 
the six Philippine-made dryers tested and evaluated 
that year. 

Improvements on furnace 

1. Fuel hopper is equipped with a rotary-vane feeder 
2. Scraper-type ash grate for uniform unloading of 

ash 

3. Positive temperature-control damper at furnace 
outlet for quick temperature regulation 

4. Semi-circular refractory top cover for durability. 



At present , commercial furnace models are: 

1. One-face furnace type for dryer capacities of 3 t 
and below 

2. Two-face model for capac ities larger than 3 t (at 
present, the most saleable dryer size has lOt 
paddy capacity) 

3. Multi-fuel model to burn not on ly rice husks but 
also peanut hulls fo r peanut drying and maize 
cobs for maize drying. However, dry maize cobs 
are not readily available during the wet season 
when their moisture content is as hi gh as 50% 
(the required mo isture content for smokeless 
combustion is 12%). Such dryers should have a 
backup kerosene or diesel burner for full dryer 
usage . 

The Ricehull-fired Reversible Airflow 
(RFRA) Grain Dryer 

In a tlat-bed dryer, the tendency is ror the bottom 
layer of the grain to overdry, while the the tOp layer 
remains wet, if the drying airfl ow is upward only. To 
remedy the excessive moistllTe gradient it i ' necessary 
to stop dryer operation at about half the expected dry
ing time to mix the grain. This is a very laborious, 
dusty and itchy job, and time is lost. The purpose of 
mixing is actually to exchange the top and bottom lay
ers of grain. It is much simpler to reverse the airflow 
rather than to turn over the grain batch. 

Ash can ---t-tt~:: 

}<'jgure 1. Doubl e-s ided rice-husk furnace. 
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We experimented with a drying bin so that drying 
airflow could be reversed alternately. upward and 
downward (Figs 3 and 4) . An air reversing valve ARV 
was installed between drying bin DB ancl drying fan 
DF. Wide grain-loading doors GLD and vent doors 
VD at lower plenum chamber were provided. When 
airtlow is upward, grain-loading doors are openecl to 
allow used air to exhaust, vent doors arc closed; when 
airllow is downward, grain-loading doors are closed 
and vent doors are opened. For rain-wet or dripping
wet paddy initial downward airflow enables gravity to 
aiel in the removal of excess moisture. Air reversal is 
usually done only once. However. For dripping wet 
paddy, two air reversals are necessary 

In manual mixing of paddy, it took approximately 2 
hours by four men per ton. To reverse airflow with the 
air reversing valve, it takes less than 5 minutes. With 
reversible airflow feature, moisture content differences 
at top, bottom and middle layers are within 1%. 

Multicrop capability 

The RFRA dryer has multicrop capability, being 
able to dry copra, peanut , maize, etc. 

Environmentally friendly dryer 

The RFRA is environmentally friendly: i.e. noise
less (does not disturb neighbours during night-time 
operation), smokeless and dustless in operation. It is 
dustless because exhaust air with high relative 
humidity exits at a velocity below that which sup
ports dust in air. 

Refractory wall 

r Rice husk hopper 

Scraper type 
ash grate 
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Figure 2. Rice-hull-fired reversible airflow grain dryer showing airflow in upward airflow mode. 
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Figure 3. Rice-hull-fired n:versibJe airflow grain dryer showing airflow in downward airflow mode. 

Dryer standby power 

Power interruption is not uncommon in the Philip
pines. Most of our installations have a standby diesel 
engine. Both the electric motor for the drying fan and 
the diesel engine are mounted on a special tilting base 
so that transferring the belt from one to the other can 
be done easily in one minute. 

Marketing 

The dryer was promoted by: 

I. Sending brochures to prospective buyers 

2. Visits by our sales representatives and dealers 
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3. In later years when the RFRA dryer gained accept
ance, promotion was enhanced by favourable com
ments from our clients, especially those who made 
repeat orders for one or more dryer units. 

At pesent, the RFRA dryer is probably the fastest
selling rice-husk-fired dryer in the Philippines 
because of its relatively low capita.1 cost, low operat
ing costs, negligible maintenance cost and being the 
easiest to opcrate. 

The absence of sophisticated electric or electronic 
controls makcs the dryer suitable for the Philippine 
countryside where skilled technicians are not availa
ble. The problem with the high-tech imported dryers 



is that when controls fail, it means weeks or months 
of down time before costly repairs can be made by a 
competent technician. 
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Some Socioeconomic Aspects of Plans for Increased Grain 
Production in Papua New Guinea 

Levi B. ToViliran* 

PAPUA New Guinea (PNG) lies between latitudes I 

and 12°S, and longitudes 141 and 1600 E, north of 
Australia, its closest neighbour. The country has a 
population of about four million, which depends 
almost entirely on agriculture. Agriculture is the main 
source of livelihood for over 85% of the popUlation, 
contributing over 27% of gross domestic product 
(GDP) and over 14%, by value, of exports. The agri
culture sector involves more than 75% of the coun
try's labour force. 

Agriculture Background 

Over 90% of agricultural exports by value are con
tributed by the three major tree crops: coffee, cocoa, 
and coconut. Cardamom, chillies, and pyrethrum are 
minor cash crops, contributing less than I % of 
exports by value. 

The largest contributor to exports, at 60% by value, 
is the mining industry (copper, gold, and oil). The 
mining sector's contribution to GDP-22%-is 
lower than that of agriculture, and its capital-intensive 
and enclave features mean that it has weak linkages to 
the rest of the economy. 

Agriculture will continue to be the main source of 
employment and the sector will provide broadly 
based growth of the economy in the future. It has 
enormous potential for development if continuing 
attention and emphasis are given to the production 
and marketing of food commodities such as beef, 
pigs, poultry, fish, fruit and vegetables, and rice. 
Recent additions to this commodity list include sugar, 
sheep, and honey. 

Grain and Cereal Production 

PNG produces little grain and cereals, with the 
exception of small amounts of maize and sorghum 

* Division of Primary Industry. Department of East New 
Britain, p.a. Box 440, Rabaul, Papua New Guinea. 
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grown commercially and for subsistence. An esti
mated PGK200 million (during October 1995 ca 
1.33 Papua New Guinea Kina (PGK) = US$I) is 
spent on the importation of grain and cereal prod
ucts, rice being most important, followed by wheat 
for livestock. 

Rice 

Rice has become an increasingly popular staple 
food. Currently, 130,000 t are imported annually, at a 
cost of over PGK 100 million. 

Rice can be grown in P.'JG but there is litlie seope 
for promoting rice production in the smallholder sec
tor without substantial protection. 

Exploratory development projects are already 
under way, and rainfed or irrigated rice is grown by 
smallholders in a range of locations including Bereina 
and Cape Rodney in Central Province, the lower 
Markham Valley and Finschhafen in Morobe, Bogia 
in Madang, Maprik in East Sepik, Warangoi in East 
New Britain, and Oro Province. 

Maize 

Most maize is grown in the Markham Valley by 
two large-scale operators who produce 3500 t annu
ally for stockfeed. The domestic stockfeed market 
requires approximately 12,000 t of maize annually, 
but only one third of this is produced locally. 

Public investment project funding is provided to 
smallholders for grain and credit. Also provided is 
part funding for variety and fertilizer trials, both on 
station and farmers' fields. 

Peanuts 

Peanuts are a subsistence crop and have also been 
grown commercially for some years. Current produc
tion of only 100 t is sold on the open market and as 
confectionery in the retail formal market. Smallholder 
commercial production was established in the 
Markham Valley, but due to the unavailability of a 
market, the peanut butter factory was closed. 



Sorghum 

Though sorghum used to be grown in large quanti
ties for the livestock feed industry, pest and disease 
incidences and poor drying facilities have caused a 
large decline in production. 

Sunflower 

A limited amount of sunflower is grown in PNG, 
but some preliminary work has been undertaken by 
the agncultural research department. 

Pulses 

Pulses being grown in PNG include peas and 
beans. They are the main source of vegetable protein 
supplements. Pulse production needs to be expanded 
through research and extension-supported varietal 
introduction and crop improvement. For the industry 
to develop, processing and marketing assistance is 
also required. 

Constraints 

The lack of developed infrastructure, insufficient 
technology, ineffective and inefficient policy and 
planning strategies, difficult physiographic features, 
and lack of developed markets pose threats to the 
development of grain production. 

Social and cultural factors have implications for 
the transfer of modem technology. Climatic condi
tions with unexpected unfavourable weather are also 
constraints that need to be considered. 
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Conclusion 

PNG has the potential for local grain production (rice, 
maize, peanuts, sorghum, sunflower, and pulses). Cli
matic and environmental conditions are provisions 
contributing to the ability and/or potential. If given 
the proper direction and support, PNG can produce a 
significant part of its needs for these products. Any 
expansion in grain production to cater for the existing 
markets appears feasible, if support is provided for 
machinery and equipment acquisition and technical 
assistance to farmers. 

Recommendation 

The intention of the PNG Government's proposal for 
the establishment of a Grain Development Industry 
Corporation (GIDC) would be to boost production of 
rice and other grains. The Government has recom
mended that the corporation play a major role in 
assisting semi-commercial farmers to produce rice 
and grain consistently. It should also seek to facilitate 
the efforts of non-government organisations, the pri
vate sector, and credit suppliers in their endeavours to 
develop a smallholder industry. This would support 
the Department of Agriculture and Livestock's objec
tive of promoting production of a range of food crops, 
some of which are currently imported, through indus
try-orientated research, development, and extension. 

Further Reading 

Stein, L. 1991. Papua New Guinea-an economic situation 
and outlook. Canberra, Australian Government Publish
ing Service. 



Development of a Fluidised-bed Dryer 
for Paddy in Vietnam 

Truong Vinh, Phan Hieu Hien, Nguyen Van Xuan, 
Nguyen Hung Tarn, and Vuong Thanh Tien* 

A two-stage drying technique has been tested and 
promoted at Song-Hau Farm in the Mekong delta of 
Vietnam (Phan and Hung 1995). The farm intro
duced a second-stage, 80 t in-store dryer in 1994, 
which could gently dry paddy at 18-20% moisture 
content (m.c.) wet basis (w.b.) to 14% in about 4 
days. The need now is to find some compatible, 
first-stage dryer, wherein freshly harvested paddy 
at high moisture (25-32% m.c.) is quickly dried to 
18-20%. 

Current dryers, such as columnar continuous-flow 
devices, cannot handle the above range of high mois
ture; paddy that is too wet simply does not flo~ i~ the 
drying column or sticks to the conveyor. Fluldlsed
bed drying is a promising alternative (Sutherland and 
Ghaly 1992; Tumambing and Dri~c?1I 1993). The 
advantages and disadvantages of tlUldlsed-bed drymg 
have been discussed by several authors (Porter et aJ. 
1984; Reay 1986; Hovmand 1987; Bahu 1991; 
Brooker et al. 1992). Two main advantages are: 
homooeneous drying due to thorough mixing of air 
and g;ain; and short drying time due to high heat and 
mass transfer rates with high air velocity. 

The most recent development has come from Thai
land, where a I t continuous fluidised-bed dryer has 
been adopted on a commercial scale (Soponronnarit 
1995). Two disadvantages of fluidised-bed drying, 
namely high heat energy requirement and dusty out
put, have been overcome by using air recirculation 
and a suitable cyclone. 

This paper describes the development of a fluid
ised-bed dryer in Vietnam for first-stage drying of 
grain. It outlines the design and the results of tests.of 
the dryer, and gives an estimate of the cost of flUid
ised-bed drying. 

* University of Agriculture and Forestry, Thu Due, Ho Chi 
Minh City, Vietnam. 
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Materials and Methods 

Design of equipment 

A \ t fluidised-bed dryer (Fig. \) has been 
designed at the University of Agriculture and For
estry (UAF), Ho-Chi-Minh City. The desig~ has 
drawn much relevant information from Thailand. 
Soponronnarit and Prachayawarakorn (1994) 
reported parameters for a batch-type fluidised-bed 
dryer as follows: superficial velocity Vaf = 4.4 m!s; 
grain thickness d 0.095 m; specific airflow Vs 0.1 
kg/s.kg dry matter; drying temperature Ti = 115°C; 
recirculation of drying air = 80%. Another recent 
development is a I rlhour continuous fluidised-bed 
dryer which could dry paddy from 25% m.c. (w.b.) to 
19% in 2-3 minutes (Soponronnarit et al. 1996). 
Parameters used in this dryer were: Vat' 2.3 m/s; d = 
0.100 m; Ti = 115°C; recirculation 80%. The dry
ing floor was 0.3 x 1.7 m. Paddy was pre-cleaned 
before entering the dryer. We also received drawings 
of the drying bin components from King Mongkut's 
Institute of Technology, Thonburi, Thailand 
(KMITf); and suggestions from the KMITr team led 
by Professor Somchart Soponronnarit. 

Based on the ample supply of rice husks in the 
Mekong delta, and the requirement of reducing dry
ing cost, we have designed an ~utomatic ric~-husk 
furnace, rather than using an 011 burner as III the 
KMITT design. Due to the low cost of rice husks, the 
recirculation was reduced to 50% while maintaining a 
drying temperature of 115°C. Dimensions of the dry
ing bin and cyclone were modified slightly: to fit the 
current practice in Vietnam of not precleanlllg paddy 
before it enters the dryer. Calculations based on the 
balance of heat and mass transfer resulted in the fol
lowing: drying bin surface 0.3 x 2.0 m; drying air 
velocity = 3.6 mls; and drying time - 2 minut~s. 
Also, the drying fan was redesigned based on the air
flow requirement of 2.2 m3/s at 2600 Pa pressure. 



Figure 1. The I tlhour fluidised-bed dryer fabricated at 
the University of Agriculture and Forestry, Ho
Chi-Minh City. 

Experimental procedures 

The fluidised-bed dryer has been fabricated at the 
mechanical workshop of UAF and installed at the 
Song-Hau Farm, Can-Tho Province in the heart of the 
Mekong delta (Fig. 2). 

Tests were conducted in September 1995. The fan 
peri'ormance was measured before the tests (Fig. 3). 
Drying temperature was measured using a type-K 
thermocouple; exit grain temperature was measured 
by digital thermistor. Static press ure at various points 
was monitored with U-tube manometers. Dryer 
capacity was calculated by weighing the paddy leav
ing the exit spout over a 1.5 minute interval. Also 

Figure 2. 

measured were grain layer thickness, furnace temper
ature, and rice husk consumption. 

Paddy used in the experiments was very wet 
(>30% m.c. (w.b.», which is common during the 
summer- autumn harvest season. There was one 
exploratory experiment with maize. 

Results and Discussion 

First experiment (14 September 1995) 

Test conditions 

Paddy: Initial moisture contem = 34.7% (w.b.). 
Variety = IR-I 055 
Bulk density = 480 kg/m' 

Ambient air: Temperature = 28.SoC 
Relative humidity = 82% 

Grain layer thickness = 8 cm 

Drying temperature = I ISoC 

Results 

Final moisture content = 18% w.b. 
Drying capacity = 630 kg/hour 
Exit grain temperature = 71°C. 
Total quantity dried = 2 t 

Discussion 

This was the experiment with several initial dryer 
adjustments, leading to low capacity, long residence 
time, and too Iowa final moisture content. 

Operation of the fluidi scd-bed dryc r at Song-Hall Farm. Sep
tember 1995 . 
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Figure 3. The fan performance curve of the fluidised bed dryer. 

Second experiment (15 September 1995) 

Test conditions 

Paddy: Initial moisture content - 31.0% w.b. 
Variety IR -1055 
Bulk density = 520 kg/m3 
Impurities: 2% by weight (7% by 
volume) 

Ambient air: Temperature = 28°C 
Relative humidity = 89% 

Results 

Nine test runs were made. The results are given in 
Table I. 

Discussion 

The tests had been planned as a factorial experi
ment. However, during the course of the experiments 
we found that the furnace thermostat eould not main
tain the drying temperature within the expected ± I QC; 
the actual variation was ±S0c. Thus, the results in 
Table 1 were pooled to obtain the average and stand
ard deviation. Nevertheless, the data show the overall 
performance in the temperature range of 105-IIS°C. 
The dryer was operated with stable performance, 
with a capacity of over I t/hour. No blocking or jam
ming was observed during tests with a total quantity 
of 3 t of paddy. The distribution of the bubble layer 
was uniform. A 10% moisture reduction in wet paddy 
(from 3\ to 20-22%) was confirmed. 

Table I. Results of paddy drying trials with a fluidised-bed dryer. 

Drying Grain thickness Exit grain moisture Exit grain Capacity Head rice 
temperature (0C) (cm) (% w.h.) temperature (OC) (kg/hour) recoverya (%) 

\05 12 20.8 55 1032 48.7 

1\0 10 22.8 66 1020 58.7 

115 8 19.6 63 1260 52.5 

115 12 22.0 59 996 53.4 

110 10 22.7 65 1356 57.7 

105 8 20.1 65 1500 56.7 

110 ID 22.0 59 56.2 

110 ID 21.4 60 

110 10 21.4 60 51.5 

a Fluidised-bed dried samples were further dried to 12% w.b. under the same conditions as shade dried samples. for which the head 
rice recovery was 52%. 
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Figure 4. Temperature variation in 50 kg/hour pneumatic-fed rice husk furnace. October 1995, Song-Hau Farm. 

Even with a ±5°C temperature variation, the fur
nace was considered stable. Rice husk consumption 
was 45-55 kg/hour. 

The head rice recovery was analysed at UAF labo
ratory. It was comparable to shade drying. No differ
ence in milled rice whiteness could be seen with the 
naked eye. No parboiling effect was noticed. 

Experiment with maize 

A batch of 400 kg of maize at 24% m.c. (w.b.) was 
dried in two passes with 30 minutes of cooling 
between passes. A drying temperature of 130°C was 
used. The capacity for one pass was 1200 kg/hour. 
The final moisture content after two passes was 
16.3% (w.b.). While further experiments need to be 
made to optimise the dryer operation with maize, it 
can be safely conjectured that this fluidised-bed dryer 
can operate as a continuous-flow dryer, using much 
less space than a columnar dryer. 

Drying cost 

The drying cost was estimated based on the data 
and assumptions given in Table 2. 

In terms of kg of water removed, the calculated 
drying cost is US$O.044/kg H20. The drying cost is 
near the limit acceptable to farmers in the Mekong 
delta. Taking into account the short time needed to 
remove excessive moisture, the dryer is likely to be 
adopted from an economic viewpoint. 
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Table 2. Estimate of drying cost using the fluidised-bed 
dryer. 

Item 

Capacity 

Investment 

Life 

Interest rate 

Electricity consumption 
(total) 

Electricity price 

Rice husk consumption 

Rice husk price 

Labour 

Labour rate 

Cost component 
(Cost/hour = cost/tonne) 

Depreciation and repairs 

Interest 

Electricity 

Rice husks 

Labour 

Total 

Data 

1 tlhour (31 % m.c. (w.b.) to 21%) 

70000000 YNDa (US56400) 

4000 hours (= 5 years x 40 days/ 
year x 20 hours/day) 

23% per year 

15.5 kWhlhour 

780YND/kWh 

50 kg/hour 

IOOYND/kg 

3 person.hours/hour 

5000 

YND 

20000 

10000 

12000 

5000 

15000 

62000 YND/t = U8$5.60/t 
-------------------
a During October 1995, ca 11 ()()() Vietnam dong (VND) -

US$1. 



A desk comparison of oil and paddy husks as the 
energy sources indicated costs per kg of paddy of 
US$0.00355 for oil and US$O.OOO46 for paddy husks 
in reducing mositure content from 31 to 21%. Thus. it 
can be projected that using oil would incur a heating 
cost seven times higher than with paddy husks. 

Conclusions 

For paddy with very high moisture of over 30% 
(w.h.) harvested during the wet season in the Mekong 
delta of Vietnam, fluidised-bed drying has shown 
positive preliminary results technically. The calcu
lated drying cost is reasonable under the economic 
conditions of Vietnam. 

Further work is in progress to enhance technical 
operations, and further reduce the drying cost. 
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Rice-husk Gasifier for Heat and Electricity Production 
for Small to Medium Mills 

G. Vaitilingom* 

MORE than one billion people around the world are 
concerned with the production of some 500 Mt of 
paddy on 150 million ha of land. Since the husk sur
rounding the kernel of rice accounts for about 20% 
by weight of the paddy, about 100 Mt of rice husk 
are available. Although some of these rice husks are 
used for fuel or for other purposes, most of the resi
dues are disposed of by burning or dumping. In 
most rice-growing countries, rice residues represent 
one of the largest potential fuel supplies for bio
mass energy projects (Mahin 1990). Each tonne of 
paddy generates about 200 kg of husks, the energy 
content of which is about equal to that of 60 L of 
fuel oil. 

Use of Husks in Rice Mills 

In medium-sized and large mills (processing more 
than 2 t of paddy/hour) rice husks are commonly 
used. Parboiling mills typically use steam generated 
with husks for both parboiling and drying. Where par
boiled rice is not produced, steam is used from husk
fired boilers in steam engines or turbines for mechan
ical power and electricity generation. 

In small to medium mills, thc use of heat from rice 
husks is possible if electricity is available from a die
sel plant or the grid to run the fans of heat exchangers. 
However, most of the commercial equipment and sys
tems for the production of mechanical and electrical 
power from rice husks is suitable only for use in 
larger mills. 

Most of the husks are available in small quantities 
at tens of thousands of small mills. In developing 
countries, the great majority of the rice mills are small 
mills processing paddy at a rate of less than I tlhour, 
and with an energy requirement of around 20 kWh 
per tonne of paddy. This is where there is strongest 
interest in small rice-husk gasifiers. 

* Systeme Agroalimentaires et Ruraux, CIRAD, B.P. 5035, 
34090 Montpellier, France. 
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Rice-husk Gasification for Small and 
Medium Mills 

Gasification could provide energy for drying and for 
electrical power. The major part of the gases could 
feed a gas engine to run the electric motors of the mill 
and of the gasificr itself; the remaining gases may 
provide enough heat for drying. 

With the support of FAO, much research has been 
done to improve the design of gasifiers. Very few 
small units are available commercially at present. 
The main problems are the bulk density of rice 
husks, the high ash content (15-20%), and the char
acteristics of the ash (92-95% silica). These charac
teristics impose severe requirements on the design 
of gasification systems using rice husks (Vaing 
1989). 

Major Technical Problems of Husk 
Gasification 

To provide the power needed for a small to medium
size rice mill processing paddy at 1 tlhour, the gasi
fief must burn husks at a rate of at least 100 kg/hour. 
This means that feed of husks to the gas generator 
must be almost continuous. To avoid slagging prob
lems internal temperature must be controlled. 
Because of the high volume of ash it must be 
removed during operation with no contact allowed 
with atmospheric oxygen. The gas produced contains 
particulates, soot, tars, and moisture which must be 
removed before use in burner or engine. There are 
gasifiers able to produce gas continuously but they 
often fail because of inefficient cleaning units. 
Because of the low calorific value of the gas pro
duced, high flow rates are needed to feed burners or 
engines. Even in the largest cleaning units the dirty 
gases have only some tens of seconds to be cooled, 
dried, cycJoned, filtered, and purged of tars and, 
unfortunately, some tars do not condense at tropical 
ambient temperatures. 



A New Gasifier Design for Small and 
Medium Mills 

To overcome the difficulties associated with gasify
ing rice husks, CIRAD--which has much experience 
in gasification of wood or agricultural wastes (coco
nut husks and shell, cotton stalks, peanut shells, bri
quettes, etc.)-has worked for several years to 
develop a new concept in rice-husk gasification. 

A throatless gasifier with air inlet control has been 
designed. It is a downdraft gasifier with automated 
husk feeding and ash removal. Husks are fed by a 
screw conveyor to the air-sealed top of the gasifier. 
The air inlet is controlled by two series of nozzles. 
Ash is removed through a very simple water-sealed 
conveyor. 

The cleaning unit consists of an air-gas cooling 
system, a collector for small ash, a wet scrubber with 
high now-rate of water, a turbine and, finally, a paper 
filter. The scrubbing water passes through a cooling 
system, a procedure that is very important for the effi
ciency of the unit. Most of the soot and tars are col
lected in a large tank where they are concentrated and 
from which they can be easily removed for further 
processing. Cooled water is also injected into the tur
bine to improve the centrifugation of soot, particu
lates, and the remaining tars which are pushed into 
the tank with the help of the pressure delivered by the 
turbine. Pressured gases arc able to pass through the 
very efficient paper filter. Low-pressure cooled and 
cleaned gases are finally available both for engine 
operation and for use in a very simple gas burner. 

During the operation of the gasifier, the cycles of 
ash removal and husks feeding are controlled by off
the-shelf electric timers. 

Figure 1. Section of the ClRAD gasi fier. 
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In a version of the gasifier producing 150 m3 of gas 
per hour, the total power needed by the electrical 
devices to run the gasifier is 5 kW, which consumes 
10-15 kg of husks, Le. about 10% of the total con
sumption per hour. 

Table 1. Typical composition of gas produced by small
to medium-scale rice-hull gasifier. 

Gas Percentage of total 

H2 8.7 

CH4 2.5 

O2 4.3 

N2 51.8 

CO2 12.2 

CO 20.5 

value 444OkJ/m3 

This gasifier was designed to be able to produce 
75-150 m3 of gases per hour, with an average energy 
value of 4.2 MJ/m3. Table I gives typical gas compo
sition. Special care was taken in the design to ensure 
it used technologies no more sophisticated than 
encountered in a small or medium-size mill. This 
allows for local manufacture of such units. which are 
adapted for mills processing paddy at a rate of 0.5-1 
t1hour (Va'itilingom 1993). 

Conclusions 

Most of the commercial equipment and systems for 
the production of heat and mechanical and electrical 
power with rice husks are suitable only for use in 
large mills. In small to medium mills. processing less 
than 1 t of paddy per hour, gasification could provide 
energy for drying and for electrical power. A gasifier 
scaled for small and medium mills and designed and 
built using technologies appropriate to such mills 
could be of interest and its cost would be attractive if 
it were locally made. The market for such a gasifier 
comprises tens of thousands of rice mills in many 
developing countries. 
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Rice Drying Technology in China 

Zhao Simong* 

Abstract 

The characteristics of rice drying in China are discussed. There are three main high-temperature drying sys
tems and one low-temperature drying system being applied. Rotary grain dryers have the features of simple 
structure and homogeneous drying effect. Two types of fluidised-bed grain dryers are used in China, namely 
single-bed dryer and multi-bed dryer. A new type of rice dryer which has come into use in China is the con
current-counterflow drycr. The low-temperature drying system is the so-called mechanical ventilation 
equipment. The technological characteristics of high- and low-temperature dryers are discussed and ana
lysed. To avoid reducing the quality of rice during drying, the correct way to select parameters relating to 
the drying technology are also covered. 

* Zhengzhou Grain College, Ministry of Intemal Trade, 
Zhengzhou. Henan. People' s Republic of China. 
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Heat and Mass Transfer in Grain Bulks 
of Arbitrary Shape 

G.R. Thorpe* 

Abstract 

Bulks of grains may assume an infinite number of shapes. Although the equations that govern the rates of 
heat and mass transfer in such bulks are independent of the size and shape of the grain bulk to be modelled, 
the choice of a numerical solution procedure depends on the geometry of the grain bulk. This paper de
scribes a method of transforming the shape of a grain store into one that has a simple geometry such as a 
cube or right circular cylinder. Works are citcd that detail how the method has been used to simulate heal 
and mass transfer phenomena in two- and three-dimensional grain bunkers, rail cars and hopper bottomed 
grain stores. 

THE shapes and sizes of bulks of stored grain are quite 
arbitrary. For example, when a hopper bottomed farm 
silo is filled with grains, the upper surface of the grain 
usually forms a cone. The grain bulk therefore has the 
shape of a right cylinder, capped with a cone of grain 
and with an inverted cone on its base. Although the 
bulk of grain may be axi-symmetric the temperature 
of the outer surface varies both spatially and tempo
rally as a result of solar radiation which varies with 
time. Regions of the silo facing away from the equator 
are generally cooler than those facing towards the 
equator. The system must therefore be considered to 
be truly three-dimensional. Similarly, when a grain 
storage shed is filled with grain, a ridge of grain usu
ally forms under the in loading conveyor, and at each 
end of a ridge truncated cones form, that may intersect 
retaining walls. Again we have a bulk of grain that 
must be treated as a three-dimensional entity. 

Grain storage technologists are often concerned 
with manipulating the ecosystem within bulks of 
grain, and this requires some understanding of the 
processes of heat and mass transfer that occur within 
them. The equations that govern these processes are 
well established (Thorpe 1996a,b), and they apply to 
grain bulks of any shape or size. To solve them one 
must specify the appropriate initial and boundary 
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Institute of Technology, PO Box 14428, MCMC, Mel
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conditions such as the temperature and moisture con
tent of the grain as it is loaded into the store, and the 
temperatures of the surfaces of the store, say. The 
equations are usually solved numerically using some 
form of finite difference approximation. When the 
grain store has a simple shape such as a cube or a 
right cylinder, or a triangle (see Nguyen 1987) the 
solution is quite straight forward because an orthogo
nal finite difference mesh can be forced to coincide 
with the boundaries of the store. In this situation, the 
finite difference fomls of the boundary conditions are 
quite easily imposed (see Singh et al. 1993). In the 
case of a peaked bulk of grain placed in a hopper bot
tomed silo, coincidence of the nodes of a finite differ
ence mesh with the boundaries of the grain is 
unlikely. This problem may be overcome by using 
interpolation and other techniques outlined by Carna
han et al. (\969), or the geometry of the grain store 
may be mathematically transformed into a simple 
shape, such as a right cylinder or a cube as described 
by Singh and Thorpe (I 993b). Casada and Young 
(1994) have used the transformation method to simu
late heat and mass transfer in agricultural commodi
ties transported in rail cars. The latter approach has 
the advantage that it is quite general, and easily pro
grammed. A disadvantage of the method is that it 
cannot readily account for the case when one linear 
dimension of a grain bulk tends to zero, such as when 
a bulk of grain rests on a floor. At the point of inter
section of the grain and the floor the height of the 
bulk is zero. 



In this paper we shall describe the method of grid 
transformation which has the above mentioned 
advantage of generality, and outline how it has been 
applied to the problem of moisture migration in two
and three-dimensional peaked bulks of grains, and 
the aeration of a hopper bottomed circular silo. 

Grid Transformation 

The aim of grid transformation is to map the shape of 
the grain store into a simple shape on which it is pos
sible to impose an orthogonal finite difference grid. 
Figure I shows how Singh and Thorpe ( I 993a) trans
formed the cross-section of a bulk of grain, as may be 
found in a grain bunker, into a square. 1 

lB' 

Figure 1. The transformation of the cross-section of a 
grain storage bunker into a square. 

The geometry and its associated fields, such as 
grain temperature and moisture distributions, are 
described in terms of (x,y) coordinates, whereas the 
transformed system is described in terms of the 
dimensionless (/;,11) coordinates. In the case under 
consideration, the relationship between the two coor
dinate systems is 

s x- h(x.y) 
Jz(x.y)- h(x.y) 

(1) 

1 A diskette containing an annotated FORTRAN computer 
progam that models moisture migration in a two-dimen
sional peaked grain store is available from the author 
(GRT) free of charge. 
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11= y- h(x,y) 
f 4(X,y)- h(x,y) (2) 

By the chain rule of differentiation we are able to 
write 

(3) 

and 

iJT iJT iJT 
- = a3 --:- + a4 -ay . at; all (4) 

in which 

as 
ay' and a 4 

We can similarly write a laplacian as 

in which 

The equations that govern heat, mass and momen
tum transfer in the physical (real) domain are easily 
transformed into a domain with the simple geometry 
by substituting into them equations 3, 4 and 5. As an 
example, let us consider the thermal energy balance 
presented by Thorpe (1995), i.e. 

(6) 

which in the transformed domain becomes 



Figure 2. The transfonnation of a peaked bulk of grain 
into a cube. 

This equation is discretised using the method 
described by Thorpe (I 995). 

The method is readily extended to three-dimen
sional systems as described by Singh and Thorpe 
(l993b) who modelled moisture migration in grain 
bunkers. In this case, the grain bulk was transformed 
into a cube, as shown in Figure 2. More recently, 
Thorpe (I 996c ) has transformed a hopper bottomed 
silo into a right cylinder, as indicated in Figure 3. Fig
ure 4 shows the calculated pressure distribution gen
erated by a linear aeration duct placed along one side 
of the base of the silo. Needless to say, the air flow 
pattern is three-dimensional in nature, and Thorpe 
(l996c) shows how the pressure distribution may be 
used to model heat and mass transfer phenomena in 
the such silos. 

Conclusions 

Bulks of grain assume an infinite variety of shapes. 
This paper describes a convenient method of model
ling heat and mass transfer phenomena that occur in 
such bulks. The method is based on transforming the 
geometry of the grain store into a simple one which 
readily accommodates an orthogonal finite difference 
mesh. The method has been applied to grain bunkers 
with a uniform cross-section, three-dimensional grain 
bunkers, rail cars containing agricultural produce and 
to hopper bottomed cylindrical silos. 

Figure 3. The transfonnation of a peaked bulk of grain contained in a hopper bottomed silo into a right cylinder. 
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Figure 4. The predicted pressure distribution in an aer
ated hopper bottomed circular grain silo. 
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An Evaluation of the Returns to Research on 
Grain Drying and Storage in the Philippines 

M.C. Mangabat*, J .S. Davis t, J .A. Tumambing§, P .D. Sayaboc§, 
• § § G.C. SablO ,and C.L. Maranan' 

POSTHARVEST losses and wastage in grains in the 
humid tropics are attributed to several factors, such as 
weather, climate, and inadequate drying and storage 
faeilities. In the Philippines in recent years about 
60% of paddy and 72% of maize are harvested during 
the wet season, July~December (SAS 1994). Har
vested grain is not dried properly, especially during 
the wet season, resulting in high moisture contents: 
26-28% for paddy and 36% for maize (Tumambing 
1984). When high moisture grains are stored at high 
temperature and humidity the results are dry matter 
reduction and weight loss, quality deterioration, and 
grain damage. Insect infestation exacerbates posthar
vest losses. These losses increase marketing costs, 
and contribute to a drain on the country's buffer stock 
of rice. 

In addressing the problem of postharvest losses, 
the National Postharvest Institute for Research and 
Extension (NAPHIRE) in the Philippines and the 
Australian Centre for International Agricultural 
Research (ACIAR) have conducted closely interre
lated research on alternative grain drying and storage 
in the Philippines. The results of those projects sug
gest a potential for reducing postharvest losses of 
grains in the Philippines. 

This paper aims to present an alternative analytical 
framework for evaluating the economic impacts of 
research on grain drying and storage. That framework 
is used to measure the economic impact of a series of 
ACIAR-supported research projects on two-stage 
grain drying (NAPHIRE n.d.), storage of grain using 

* Bureau of Agricultural Statistics, BEN-LOR Building, 
1184 Quezon Avenue, Quezon City, Philippines. 

t Economic Evaluation Unit, ACIAR, GPO Box 1571, 
Canberra ACT 2601, Australia. 

§ National Post Harvest Institute for Research and Exten
sion, CLSU Compound, Muftoz, Nueva Ecija, Philippines. 
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plastic covers, and pesticide use (NAPHIRE n.d.) 
(Table 1). 

An Alternative Economic Framework 
for Evaluating Research on Postharvest 

Losses 

Research evaluation methods have evolved from the 
subjective checklist and scoring models, to more 
objective methods such as production function. linear 
programming, and economic surplus. The application 
of more objective methods is part of an international 
trend to subject agricultural research to more careful 
economic evaluation in an effort to use research 
resources more efficiently (Mangabat 1995), 

The economic surplus approach, which uses the 
concepts of producer and consumer surpluses, has 
now been widely used as a framework in measuring 
changes in economic welfare from research. Con
sumer surplus is the maximum amount that consum
ers are prepared to pay over what they actually pay 
for a given quantity of a commodity. Analogously, 
producer surplus refers, in general, to the excess of 
what producers receivc for supplying a given quan
tity over the minimum amount that they would need 
in order to willingly supply that quantity (Hertford 
and Schmitz 1977). This section of the paper 
presents a postharvest waste reduction model devel
oped by Davis (1994) that is based on the economic 
surplus approach. This model is adapted to evaluate 
a series of ACIAR-NAPHIRE collaborative research 
projects on alternative grain drying and storage in 
the Philippines. The postharvest wastage research 
model is an extension of research on multistage pro
duction systems (Freebairn et al. 1982; Alston and 
Scobie \983). 

The effects of research that reduces postharvest 
wastage are illustrated graphically in Figure I. The 



lines in the II and IV quadrants represent wastage 
transfonnation lines from the fann to retail store (a 45° 
line gives the case of zero wastage. The postharvest 
services sector (transport, drying, handling) is assumed 
to have a perfectly elastic supply, implying that the cost 
of the activities in this sector represents only a small 
share of the total cost of the agricultural commodity 
activity. 

Fixed proportions are assumed, implying that post
harvest services are used in the same proportion as the 
fann product for whatever price and quantity. With 
the use of existing postharvest technology (without 
research) wastage is assumed to be, say, 40%. The 
supply curves are Sf (fann sector), Sm (postharvest 
sector), and Sr (retail sector). The demand for posthar
vest services is a derived demand from the retail sec
tor. A new postharvest technology reduces wastage of 
the fann product to 35%. If the new technology 
increases postharvest costs, the postharvest supply 
curve shifts to Sm'. The wastage reduction and cost 
effect due to retail supply eurve to shift to Sr'. The 
new equilibrium conditions are lower retail price 
(Pr'); increased grain consumption (Qr'); decreased 
fann output (Qf') due to a slight fall in farm price; and 
a change in postharvest services (an increase in this 
case). 

The welfare effects of research are measured as the 
areas suggested in Figure l. Consumers (CS) gain by 
the area PrxyPr'; gains to producers depend upon the 
change in resource cost, and the supply and demand 

elasticities. Producer gains increase as demand 
becomes more elastic and supply becomes more ine
lastic. 

Alternatively, prices and quantity changes are used 
to measure research welfare effects. Following Davis 
and Lubulwa (1994), supply and demand equations 
characterising market eqUilibrium conditions in with
out and with research are specified as follows: 

Without research 

Fann level supply [Fig. 1 (III)] 
Ql=a+bPf (I) 

Fann to retail production linkage [Fig. 1 (Ill)] 
QrS=C+QfS (2) 

Fann to retail price linkage [Fig. I (IV)] 

~=~ M m 
Retail sector supply [Fig. 1 (I)] 

Qr
s = c[a + b (cPr M)] (4) 

Retail demand [Fig. 1 (I)] 
QP=d gPr (5) 

Retail m~rket e2uilibrium [Fig. I (I)] 
Qr = Qr (6) 

where Pf and Pr are farm and retail prices; a, c, and d 
are the intercept tenns; band g are the supply and 
demand slopes, where b - ef Qe'Pf, g nr Q/Pr, 
where ep is price elasticity of supply at fann level, nr 
is the price elasticity of demand at retail; c is fann to 

Table 1. ACIAR-NAPHIRE collaborative postharvest research projects for evaluation. 

Categoryl Project description 
no. 

Grain drying 

8308 Drying in bulk storage 

8608 Development of a two-stage drying system 

9008 Application of in-store drying 

Use of plastic cover storalle 

8307 Application of plastic covers for grain storage 

8845 Design of an outdoor storage to complement 
indoor storage 

Pesticide use in grain storage 

8309 Development of effective pest control treatments 
in storage of high moisture grains 

8609 Complete the development of effective pesticide 
treatments 

9009 Minimising pesticide residues in grain using 
mixtures of proteetants and concentrates 
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Commodities Research type 

Paddy Wastage reduction 

Paddy. maize, Wastage reduction. quality 
peanuts change 

Paddy Wastage reduction. quality 
change. cost change 

Paddy Wastage reduction 

Paddy, maize Wastage reduction 

Maize. mungbeans Wastage reduction 

Paddy, maize, Health effects, cost change 
mungbeans 

Maize. mungbeans Health effects. cost change 



retail level conversion factor. The wastage rate of a 
commodity from farm to retail level is (I c) where 0 
< c < I. For example. if wastage rare is 30%, then c = 
0.7. Equations (1) to (6) can be solved for the without 
research conditions. 

With research 

Reduction in postharvest wastage: 
~=~+~ m 

Change in postharvest input costs: 
M' = (M + M) (8) 

where the superscript C) denotes the with research 
conditions. Equations (7) and (8) can be substituted 
into equations (1) to (6) to solve for the with research 
equilibrium prices and quantities. Pf • Pp Qf. and Qr 
and to measure changes in total surplus (fS) and its 
distribution to producers (PS) and consumers (CS). 
The algebraic expressions in measuring the benefits 
to research are: 

(IV) Price retail 

Price farm 

(Ill) Farm sector 

PS = (Pl Pf)Qf + 0.5[(Pl- Pf)(Ql- Qf)] 

TS=CS+PS 

Evaluation of ACIAR-NAPHIRE 
Research Projects 

(9) 

(10) 

(11) 

Some of the ACIAR-supported postharvest research 
projects have previously been evaluated using stand
ard financial and economic analyses: costs of projects 
compared with benefits, and allocation of benefits 
between ACIAR and NAPIDRE (see Chudleigh 
1991; Ryland \991). 

Related research projects under each category are 
evaluated based on their collective effect. For exam
ple, the research impact of grain drying projects 

(I) Retail sector 

s, 

s, 

Q,:-'O, 
, ' Quantity retail 

Ouantity farm (11) 

,Figure 1. Postharvest wastage reduction model. 
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(ACIAR PN8308, 8608, and 9008) will be on 
changes in wastage reduction and cost of paddy dry
ing. There are other assumptions adopted in the 
present research evaluation. An ex-ante research 
assessment is used because the dissemination of the 
postharvest technologies is at an early stage. The 
wastage reduction and cost effects introduce a paral
lel shift of the farm supply curve implying a uni
form rate of technology adoption and equal cost 
reduction across all producers. The analysis is par
tial equilibrium, focusing on a specific grain indus
try. Measurement of research gains is annual static, 
interpreted as gains accruing in a year. Adoption of 
improved technologies and adjustments in supply 
and demand occur within the year. Research costs 
are not included, so the estimated research gains 
represent gross benefits. 

Table 2. Parameter values for postharvest research 
evaluation. 

Parameter Description Values 

Marketable quantity"' 

Paddy 4,345,198 t 

Maize 3,550,503 t 

Rice 3,490,180 t 

Maize 3,550,503 t 

Farm price 

Paddy $236.4/! 

Maize $188/t 

Rice $5321! 

Maize $2141t 

Price elasticity of supply 

Rice 0.40,0.62 

Maize 0.42,1.03 

Price elasticity of demand 

n Rice -0.523 3/,0.8 

Maize -0.6341,0.8 

Wastage reduction 

c Paddy 0.755/,0.8 

Maize 0.75,0.8 

Cost reduction 

M Paddy $5/! 

Maize $IO/t 

a Quantities sold and landlord share (BAS 1994). On average, 
marketable quantity from total production is J 5% for paddy 
and 74% for maize. 
Sources: Estrada and Bantilan (1991); Tumambing (1995). 
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The values and definitions of the parameters used 
in the present research evaluation are provided in 
Table 2. A sensitivity test is conducted for price 
elasticities of supply (e) and demand (n), percent
age change in wastage reduction, and postharvest 
cost. ' 

Results 

The values of the yearly gross benefits resulting from 
research are shown in Table 3. 

Table 3. Size and distribution of Philippine benefits from 
research on grain drying and storage (in US$ per 
year). 

e 

n 

0.40 

-0.528, -0.4, 

c' = 0.75, m' ~ $5/t 

Grain drying 

PS 481.3 (137.9) 

CS (134.7) 364.8 

TS 346.6 226.9 

c' ~ 0.08, m' ~ $IO/! 

PS 

CS 

TS 

Plastic storage (without M') 

PS 467.5 

CS (145.3) 

TS 322.2 

c'~0.8 

PS 

CS 

TS 

Use of pesticide 

e 0.42 

n 0.63 

c' ~ M' ~ $5/! 

PS 170.1 

CS (51.5) 

TS 118.6 

c' ~ 0.8, m' ~ $IO/t 

PS 178.2 

CS 167.72 

TS 110.5 

0.62 

-0.528, -0.8 

20.3 297.4 

162.2 (138.4) 

182.5 159.0 

39.3 

143.2 

182.5 

5.0 284.3 

150.0 (147.9) 

155.0 136.4 

5.1 

115.0 

120.1 

1.03 

-0.63 -0.8 

(154.8) 257.0 

246.4 (163.5) 

91.6 93.5 



The costs of research are not included, as the individual 
research projects under each category (grain drying 
storage and use of pesticide) are evaluated collectively. 
Benefits to research range from US$llO.5 (use of pest i
cide) to US$346.6M (grain drying). The size and distri
bution of aggregate benefits are sensitive to the 
assumptions of the price elasticities of supply and 
demand, and the size of wastage reduction and change 
in postharvest costs. 

From the baseline data for paddy and maize (e = 

40, n = -0.528; e = 0.42, n = -0.63, respectively), 
aggregate benefits are larger the less elastic is the 
supply of the commodity compared to its demand. 
Research that reduces wastage in postharvest activi
ties and at the same time induces a decrease in post
harvest costs, results in greater benefits than when 
research reduces wastage alone. The latter assumes 
that the costs of postharvest activities in the without 
and with research conditions are the same. 

References 

Alston, J.M. and Alston, G.M. 1983. Distribution of 
research gains in multistage production systems; com
ment. American Journal of Agricultural Economics, 65, 
353356. 

BAS (B ureau of Agricultural Statistics) 1994. Regional rice 
statistics handbook. Quezon City, Philippines, PhilRice
BAS Collaborative Project. 

Chudleigh. P.D. 1991. Integrated use of insecticides in grain 
storage in the humid tropics. Canberra, ACIAR, Eco
nomic Assessment Series No. 9. 

Davis, J.S. 1994. A model for evaluation of waste reducing 
postharvest research. Canberra, ACIAR, Working Paper 
Series No. 4. 

Davis, 1.S. and Lubulwa, A.S.G. 1994. Evaluation of post
harvest research. Results for an application to tropical 

378 

fruit research projects and some further methodological 
issues. Canberra, ACIAR, Economic Evaluation Unit 
Working Paper Series No. 8. 

Estrada, 1.U. and Bantilan, C.S. 1991. Supply and demand 
elasticities for major agricultural commodities in the Phil
ippines; national and regional estimates. Canberra, Aus
tralia, ACIARPhilippine Country Study, No. 36. 

Freebaim, 1.W., Davis, 1.S., and Edwards, G.W. 1982. Dis
tribution of research gains in multi stage production sys
tems. American lournal of Agricultural Economics, 64, 
36-46 

Hertford, R. and Schmitz, A. 1977. Measuring economic 
returns to agricultural research. In Arndt, T.M., et aI., ed., 
Resource allocation and productivity in national and 
international agricultural research. Minneapolis, Univer
sity of Minnesota Press. 

Mangabat, M.C. 1995. Assessment of research in multistage 
production systems: the case of Philippine coconut prod
ucts. Unpublished Ph.D. thesis, La Trobe University, 
Victoria, Australia. 

NAPHIRE (National Postharvest Institute for Research and 
Extension) n.d. Drying of high moisture grains in the 
humid tropical climates. Nueva Ecija, Philippines, 
NAPHIRE, Terminal report for ACIAR Project No. 
8608. 

- n.d. Integrated use of pesticides in grain storage in the 
humid tropics. Nueva Ecija, Philippines, NAPHIRE, 
Progress Report for ACIAR PN 8609. 

Ry1and, G.J. 1991. Long term storage of grain under plastic 
covers. Canberra, ACIAR Economic Evaluation Series 
No. 8. 

Tumambing, 1.A. 1984. Rice postproduction practices in the 
Philippines. Manila, National Postharvest Institute for 
Research and Extension, 45 p. 

Tumambing, J.A., et al. 1995. Application of in-store drying 
in the grain industry in Southeast Asia. Paper presented at 
the 7th DABAR National Research Symposium, Quezon 
City, Philippines. 



Preservation of Grain with Aeration 

Dirk E. Maier* 

Abstract 

Aeration involves moving relatively low volumes of air through bulk stored grains for the purpose of con
trolling grain temperature. Grain temperature is the primary stored grain management tool to minimise the 
risk of fungal spoilage and insect damage. The primary objective of aeration is to maintain temperatures in 
grain as uniformly as possible, and as low as practical. Grain moisture is the second critical grain manage
ment factor. Generally, aeration airflow rates are too small to dry grain. However, excessive aeration can 
reduce marketable grain weight. Grains with harvest moisture contents above the safe storage limits must 
first be dried with forced heated or natural air. Under certain climatic conditions and in various geographic 
locations, aeration with ambient air cannot completely inhibit insect activity and preserve grain quality. 
When grain temperatures cannot be sufficiently reduced, aeration with chilled air is a technically feasible 
alternative for grain temperature management. Chilled grain aeration, in contrast to ambient aeration, cools 
grain independently of the ambient temperature and humidity. To be effective, aeration has to be part of an 
overall preventive postharvest management system involving sanitation, loading, aeration and monitoring 
(S.L.A.M.) of bulk stored grains. In addition to a review of grain aeration principles, the effectiveness of 
preserving grain quality utilising both ambient and chilled aeration is presented for Thai, Brazilian and U.S. 
conditions using both maize and paddy rice. 

Aeration is the forced movement of ambient air 
through stored grain to decrease or increase the grain 
temperature to the desired level. Although ambient 
airflow rates are generally too low to significantly 
change grain moistures by more than 0.5 percentage 
points, excessive aeration can reduce marketable 
grain weight, or cause swelling of grain kernels near 
the air inlet. The approximate fan run times for a 
range of common airflow rates are listed in Table I. 
The recommended V.S. design airflow rate for aera
tion is 0.1 m3/minlt. In warm, humid regions airflows 
of at least 0.125-0.25 m3/minlt should be considered 
to minimise fan run times and maximise utilisation of 
cooler weather. 

* Department of Agricultural & Biological Engineering, 
Purdue University, West Lafayette, Indiana 47907-1146, 
USA. 
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Grain temperature is the major stored-grain man
agement tool that regulates insects and moulds 
(Noyes et al. 1995). Harvest temperatures vary 
widely for grain and seed crops across the world. In 
temperate latitudes, grain is generally harvested later 
and can be stored at higher moisture levels than in 
tropical latitudes. For example, the maize harvest in 
the southern V.S. typically occurs from mid-July 
through September at moisture contents (m.c.) of 
12-18% wet basis (w.b.), but in the northern V.S. 
harvest is usually in October and November at mois
tures of 18-25% (w.b.). Thus, producers and eleva
tor operators in the north can cool grain much sooner 
after harvest than those in the South, who generally 
do not have to dry artificially. Most insect and mould 
activity is greatly reduced at grain temperatures 
below 15°C. Planned temperature reductions with 
controlled aeration can significantly reduce insect 
development. 



Grain moisture is the other critical grain manage
ment factor that regulates storability. Higher levels of 
grain moisture increase the potential for both insect 
infestations and mould development, although mois
ture content is more critical in its formation. To 
achieve safe storage moisture contents, forced heated 
or natural air drying of crops is necessary, especially 
for maize harvested in the midwestern Uo5., rice in 
Southeast Asia, and wheat in the Canadian prairies. 
At times, soy beans, sorghum, oats, rye, and other 
grains may also need to be dried after harvest. Table 
2 summarises safe grain storage moisture levels for 
southern, central, and northern regions of the U.S. 
Grain is at higher risk in warn1er, humid regions than 
in temperate, drier regions due to higher temperatures 
and relative humidities between harvest and aeration 
cooling. Thus, lowering storage moistures by at least 
1-3 percentage points of those listed for the southern 
U.S. are 'recommended for warmer and more humid 
regions outside the USA. 

Table 1. Airflow rate and approximate fan run times 
(hours) for aeration of grain in different seasons to equalise 
grain temperature (from Brooker et aL 1992). 

Season Airflow rate 

0.05 0.1 0.25 

Fall 300 150 60 

Winter 400 200 80 

Spring 240 120 48 

Stored grain insect populations and mould growth 
accelerate rapidly under extended favourable grow
ing conditions. As illustrated in Figure I, if tempera
ture and grain moisture levels are favourable, stored 
grain insects and moulds will increase exponentially. 
Stored grain managers must be aware of the increase 
in risk, based on the time the product has been stored 
at grain temperatures and moisture levels suitable for 
development. The predicted effects of two grain 
moistures and temperatures on insect levels in wheat 
harvested I June in the central plains of the V.S. but 
not aerated before 1 October closely model field 
experience (Hagstrum and Flinn 1990). On the other 
hand, if aeration was started earlier, insect develop
ment could be controlled below the critical I live 
insect per 0.5 kg limit (Fig. 2). 

As grain is dried slowly and/or aerated, its mois
ture content comes into equilibrium with the sur
rounding (interstitial) air temperature and relative 
humidity of the drying or storage environment. Fig
ures 3-6 illustrate moisture equilibrium conditions 
for several common grain types, based on published 
ASAE Standards (Anon. 1992). If air temperature 
increases at a constant relative humidity, the grain's 
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equilibrium moisture content (EMC) will decrease. 
If relative humidity increases at constant tempera
ture, EMC will increase. As shown in Figure 3, 
maize stored at 15% m.c. (w.b.) and lOoe has an 
equilibrium relative humidity of about 68%. If, due 
to excessive aeration, the interstitial relative humid
ity was measured to be 60% at lOoC, the grain mois
ture level would have been reduced to about 13.5% 
w.b. Thus, knowing the relationship between EMC 
and air conditions is important in properly managing 
aeration systems to prevent overdrying or condensa
tion. 

Table 2. Maximum moisture contents reeommended for 
aerated grain storage across the V.S. (from 
Noyes et aL 1995). 

Grain type and storage time 

Shelled maize and sorghum 

Stored up to 6 months 

Stored 6 to 12 months 

Stored more than 1 year 

Soybeans 

Stored up to 6 months 

Stored 6 to 12 months 

Stored more than I year 

Wheat, oats. barley, rice 

Stored up to 6 months 

Stored 6 to 12 months 

Stored more than I year 

Sunflower 

Stored up to 6 months 

Stored 6 to 12 months 

Stored more than I year 

Flaxseed 

Stored up to 6 months 

Stored more than 6 months 

Edible beans 

Stored up to 6 months 

Stored 6 to 12 months 

Stored more than I year 

Maximum moisture 
content" for safe storage 

(% wet basis) 

South Central North 

14 

13 

12 

13 

12 

11 

12 

11 

10 

10 

9 

8 

9 

7 

14 

12 

10 

15 

14 

13 

14 

12 

11 

13 

12 

11 

to 

9 

8 

9 

7 

15 

13 

11 

15 

14 

13 

14 

13 

12 

14 

13 

12 

10 

9 

8 

9 

7 

15 

14 

12 

a Values for good quality, clean gmin and aemted storage. 
Reduce one percentage point for poor quality grain. such as 
grdin damaged by blight, drought, etc. Reduce each entry by 
two percentage points for non-aerated storage. Reduce the val
ues for the Southern U.S. by one to three percentage points for 
warm, humid regions. 
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Figure 1. Predicted effects ofinirial grain temperatures and moisture contents of (A) 27°C and 10%, (B) 32°C and 10%. (C) 
27°C and 14%. and (D) 32°C and 14% on the population growth of five species of stored-grain insects with wheat 
aeration completed on I October (from Hagstrum and Flinn 1990). 

Moisture Migration in Non-aerated 
Storages 

Grain at the right moisture content and temperature 
can be stored safely for long periods. However, main
taining grain storage conditions within an acceptable 
range requires close management (or thermally insu
lated storages). When grain is stored at safe moisture 
levels but· is not aerated, moisture migration can 
develop from one part of the storage to another. 
Moisture migration is caused by significant tempera
ture differences that develop within a non-aerated 
grain mass. Cold weather causes temperatures in the 
outer 0.5-1 m (top and sides, and bottoms in storages 
with ducts or plenum floors) of a grain mass to cool 
significantly faster than the grain closer to the centre. 
This temperature differential results in slow-moving 
convection currents (Fig. 7). Cold, dense air settles 
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by gravity through the cold, outer The air 
warms and expands as it moves inward near the bot
tom of the storage, and then rises in the inner grain 
mass. As air warms, its relative humidity (r.h.) 
decreases, and its moisture-carrying capacity 
increases. For each 10°C rise in temperature, the rela
tive humidity is halved. Air at O°C and 80% r.h. will 
drop to 40% r.h. when warmed to lO°e. As this 
warm, moist air moves up to the grain surface, it 
cools to its dew point and begins condensing mois
ture on the colder grain near the surface. For cold 
grain, such as maize carried over into the summer, 
convection currents are primarily driven by the solar 
radiation on the sun-exposed walls. Air rises along 
the warmed walls of the bin and downward along the 
cooler shaded walls on the opposite side. In this case, 
moisture may condense and grain spoil along the 
shaded walls. 



::l 
Ql 

0 g -Ci'l 
t3 
W 
!J) 

~ 

~ 
::l 
0 
et 

10 ' 

10 • 

10 7 

10 ' 

10 5 

10 4 

10 3 

10 2 

10 1 

100 

10 • 

10 7 

10 8 

10 5 

10 4 

10 3 

10 2 

10 1 

100 

10 • 

10 7 

10 & 

10 5 

10 4 

10 3 

10 2 

R,domi_ A 
c, lerrvgitHIu. 

T. cast.tlfM1Um 
S.oryzu 

O.auri~ 

............... _--_ .. -
",' 

/ Aerated 
•• ' Sep! 1 

+ 

Aerated 
Nov 1 

B 

c 

10 1 

100~ __ ~--~ __ ~ __ ~~+--~~~ 
100 1~ 200 2~ 300 3~ 

DAY OF THE YEAR 

Figure 2. Predicted effects of time of aeration on 
population growth of five species of stored-gm in 
insects at 32°C and 14% grain moisture content 
(from Hagstmm and F1inn \990). 

Warm, moist headspace air activates moulds, caus
ing grain to crust and seal-over, especially when 
grain is left peaked and uncored. Top crusting can 
occur when warm air is exhausted from the grain 
mass during cooling in cold weather, and during stor
age after grains were initially dried to moistures as 
low as 9 to II %. This is a typical condition when 
maize or rice are transferred hot from a dryer into a 
tempering (dryeration) or cooling bin (in-bin cool
ing). Significant condensation occurs on bin walls 
and roofs, and extended fan operation is needed to 
minimise excessive dripping. Peaked grain has a 
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larger exposed surface area for moisture to condense 
on. Increased levels of moisture are also caused by 
condensation from downspouts, and leaking roofs 
and hatch covers that allow rain and snow to enter the 
headspace. The development of "hot spots" in storage 
is a typical indicator of grain spoilage due to exces
sive moisture. The grain under the loading spout is 
more densely packed with fine material and thus 
more prone to self-heating. 
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Figure 3. Equilibrium moisture content of yellow dent 
corn (from Anon. 1992). 
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Figure 4. Equilibrium moisture content of rough rice (from 
Anon. 1992). 



25 25 

~ 20 (i) 
20 "0; 

l'!I .0 .0 
<il <il 
~ ~ 
~ 15 

"'" 15 ~ 

~ ~ 
:::J 1h 
.~ "0 

E 10 E 10 
E E :::J :> 

~ ~ 
"S 5 3 er er 5 w w 

0 0 
0 20 40 60 80 100 0 20 40 60 80 100 

Relative humidity (%) Relative humidity (%) 

I<'igure 5. Equilibrium moisture content of soybean (from 
Anon. 1992). 

Figure 6. Equilibrium moisture content of bard wheat 
(from Anon. 1992). 
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Figure 7. Moisture migration in non-aerated, warm grain when outside ambient temperatures are consistently cold (from 
Bmoker et aL 1992). 
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Generally it is recommended to maintain grain 
temperatures within 5-lOoC of the average ambient 
temperature for the geographic location of the storage 
to minimise the potential for convection currents. 
Also, sealing the fan inlets when the aeration system 
is not operating reduces the chance for m~isture 
migration, premature grain warming, and pest and 
rodent infiltration. 

Aeration Systems 

An aeration system consists of a fan, an air supply 
duct (or transition), aeration ducts (or perforated 
floor), and a fan controller (ranging from a simple 
on-{)ff switch operated manually to a state-of-the
art computer-based system). The fan can be either 
centrifugal or axial-Ilow type, depending on the 
static pressure and airflow requirements of the grain 
storage. It is critical that the fan be properly sized to 
deliver the recommended aeration airllow rate for a 
particular grain storage. Software tools, such as the 
FANS program available from the University of 
Minnesota (Anon. 1995), which includes the curves 
of over 200 commercially available fans, should be 
consulted in the design of any new structure, as well 
as in the verification of any existing aeration sys
tem. The air supply duct should be sized so that the 
duct velocity does not exceed 460-610 m/min to 
prevent excessive pressure drop in the duct (Brooker 
et at 1992). In-bin control systems should be 
employed to control aeration cooling and natural 
airllow temperature grain drying (Moreira and 
Bakker-Arkema 1992). A controller decides if 
when, and for how long fan operation is needed. ' 

Figure 8 shows typical aeration supply systems. 
The air is distributed into the grain via aeration 
ducts or a perforated floor. Ducts do not distribute 
the air evenly through the grain. The location and 
spacing of the aeration ducts are critical because 
they determine the uniformity of airflow through the 
grain. If a grain silo is equipped with a fully perfo
rated floor, distribution is more even, provided the 
grain surface is level and the fines in the grain are 
either removed by cleaning or coring of the grain, or 
evenly distributed throughout the grain mass with 
the help of a good spreader. 

In flat storages more than one aeration duct is 
generally required. The optimal spacing of the ducts 
is based on the ratio of the shortest to the longest 
path of the air from the duct to the grain surface. 
The ratio should be approximately 1.5. Figure 9 
illustrates the concept of proper spacing of aeration 
ducts in flat grain storages. The reader is referred to 
aeration system design handbooks for more infor
mation. 
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Aeration Controllers 

The use of automatic aeration controllers to optimise 
aeration time should be a widely adopted stored-grain 
management technology. Simple aeration controllers 
with hour meters that operate fans based on a thermo
stat set-point have shown to provide precise grain 
temperature management. Some managers choose to 
control both high and low temperatures to keep 
potential temperature differences between the grain 
and the outside to within 5-1O°C, Automatic fan con
trollers should control grain temperatures to within 
2°C of the controller's thermostat set points. Two to 
three aeration cycles may be needed to accomplish a 
desired grain temperature reduction using manually 
operated fans. With suitable cold air ambient temper
atures, automatic systems can reduce grain tempera
tures by intermittently operating the fan whenever 
suitable weather conditions prevail. Simple aeration 
controllers usually pay for themselves in less than 
one year. 

Aeration based on the Seed Wet-Bulb Temperature 
(SWBT) as defined by Wilson and Desmarchelier 
(1994) is a strategy that has particular benefit in 
warm temperate climates for dry grains. The SWBT 
is determined as a function of the moisture content 
and temperature of the grain. Fan controllers are set 
to select ambient conditions to achieve the target 
SWBT based on meteorological data, or actual local 
conditions by measuring ambient air temperature and 
relative humidity. Low temperatures at night can be 
used to cool the grain, and warm conditions during 
the day enable the grain to be harvested at low mois
ture. When low moisture grain is cooled to the 
SWBT, its dry-bulb temperature is near the mean 
ambient air dry-bulb temperature. Consequently, the 
grain will not tend to rewarm when the aeration sys
tem is turned off, thereby limiting the temperature 
difference that drives moisture migration. 

Aeration based on the equilibrium moisture content 
(EMC) of grain is another fan control strategy. How
ever, it has been mostly utilised for conditioning 
moist grain in a bin to the target moisture content. 
The EMC strategy involves several possible modifi
cations, such as operating the fan based on a self
adjusting minimum number of hours of daily fan 
operation that depends on the calendar date. the max
imum moisture content of the binned grain, a 3-5% 
EMC window initially and a smaller one near the end 
of the drying cycle. or in addition to the EMC win
dow a 5-lOoC temperature window with limits on the 
maximum and minimum allowable temperatures 
(Moreira and Bakker-Arkema 1992). 

Humidistat controls add to the cost of controllers 
and are not necessary for most bulk storage aeration 
except possibly in the humid tropics, and where more 
precise control over grain conditions is required. 



Humidistats are difficult to maintain, limit the 
amount of usable cooling time, and if not properly 
understood can cause more problems than they solve. 

More sophisticated control strategies require not 
only reliable sensors that are regularly calibrated but 
also programmable microprocessors that are well 
understood by the user. Several commercial systems 
have been available for years. Today's state-of-the
art systems are PC-based and tie control strategies 
into predictive aeration and storage modeling soft
ware (Wilson 1990; Maier et al. 1996). 

Aeration of Wet Grains 

Aeration is also used to maintain the condition of 
recently harvested, wet grain before it can be dried. 
The objective of maintenance aeration is different 
from that of aeration cooling. Because wet, warm 
grain heats up and moulds quickly, it can be main
tained in reasonable condition in temperate climates 
for 3-7 days depending on the initial grain moisture 
and temperature if it is aerated at relatively high air
flow rates of 0.50-1.0 m3/minlt. The practice of 

Figure 8. Typical grain aeration systems in circular storage structures (from Brooker et al. 1992). 
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maintaining the quality of 16-20% moisture content 
(w.b.) grain by aeration with ambient air decreases 
the storability of the grain and should be employed 
with caution (Brooker et al. 1992). Farmers and ele
vator operators are generally better off expanding 
drying capacity in order to keep wet holding to the 
shortest practical time. 
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(8) and (Cl are longer air paths than (A) 
I (8) or (C) should be no longer than 1.5 limes (A) 
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I \ I I 
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Figure 9. Guidelines for duct spacing in a flat storage 
(from Brooker et al. 1992). 

Chilled Grain Aeration 

Chilled grain aeration is defined as the cooling of 
grain independent of the ambient conditions using a 
mechanical refrigeration system. In a grain chilling 
system ambient air is ducted over a bank of refrigera-

tion coils in order to decrease its temperature (Fig. 
10). In this process the relative humidity of the air is 
increased. The chilled air is reheated slightly to 
match the equilibrium relative humidity of the stored 
grain. After the initial cool-down, a rechilling cycle is 
run periodically in order to maintain the grain at the 
desired temperature. The specifications of a typical 
grain chiller are given in Table 3. The operation of a 
typical grain chiller is shown in Figure 11 during a 5-
day early-summer period in the midwestern United 
States. The ambient temperature varied between 10 
and 28°C while the chilled-air temperature was main
tained between 6 and 7°C. Likewise, the relative 
humidity of the chilled air remained practically con
stant at 90±2% although the ambient air humidity 
ranged from 25 to 98%. 

The ability to control the bin inlet air temperature 
and relative humidity is especially desirable for food 
grain storages, sllch as breakfast cereals, snack food 
grains, milling grains, etc., where product value is 
higher. Grain chilling is currently used for storing 
wheat, maize, popcorn, and rice in several U.S. com
mercial food processing facilities (Maier 1994). 
Potential benefits include less liability and improved 
worker safety due to reduced or eliminated chemical 
handling; less shrinkage; less spoilage potential; 
reduced insect damage; and lower drying costs. Rec
ommended grain temperatures for chilled grain stor
age depend on the grain moisture content, type and 
cnd use (Burrell 1982). However, grain temperatures 
below 15-17°C are usually sufficient to significantly 

I<igure 10. Chilled aeration and conditioning process utilising a mobile grain chiller, which uti
lises a refrigeration system to control the temperature and relative humidity of the air 
into the storage bin (55°F ~ 13°C; 90°F ~ 32°C). 
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slow most insect development. Maier (1992, 1994) 
extensively reviewed the utilisation of chilled grain 
aeration in the V.S. and around the world. Rulon 
(1996) investigated the annual operating costs and 
amortised net present costs of chilled aeration versus 
ambient aeration plus fumigation for pest manage
ment for U.s. conditions. Chilling has generally 
lower annual operating costs, and given the current 
price of commercial chillers in the U.S. can be justi
fied despite the large capital investment required. 

Storage Management Using S.L.A.M. 

Aeration of stored grain has to be part of an overall 
preventive postharvest management system involving 
sanitation, loading, aeration and monitoring 
(S.L.A.M.) (Maier et al. 1994). Elevator operators 
and producers must adjust these grain storage man
agement strategies depending on their location, facil
ity, stored product, harvest time, and storage period. 
• Sanitation before loading grain into a storage 

requires cleaning bin aeration ducts, tloors, and 
unload auger trenches, where insects thrive on 
grain dust and fine material; cleaning out insect 
harbouring locations, sueh as weeds, trash, and 
mouldy grain in and around storages; spraying an 
approved postharvest insecticide around the perim
eter of the bin, 1-1.5 m up the outside wall, and 
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fumigating empty storages; sealing tank, bin and 
silo base openings including fans to provide barrier 
protection against insect entry at all locations 
below the roof eaves [Note: Roof blowers and 
vents should be left open except when fumigating.] 

• Loading storages properly involves cleaning, cor
ing, and leveling. Cleaning (screening) removes 
grain dust and fines that insects and moulds thrive 
on, and improves aeration. Coring grain bins and 
silos means operating each storage unload con
veyor to pull the peak down at least half way and 
remove the central core of fines, trash, and foreign 
material accumulated under the loading spout to 
make aeration more effective and to remove a 
major insect attractant. Leveling clean grain using 
a spreader or removing the peak by coring makes it 
easier to manage and assures more uniform air
flow. 

• Aeration to maintain grain temperatures as uniform 
as possible and as low as practical by managing 
aeration fans using automatic control. Grain tem
peratures should be kept below the optimum insect 
feeding and breeding range of 21 to 32°C. 

• Monitoring grain in storage using temperature 
cable thermocouple readouts; scheduled grain and 
insect sampling; protectant top dressing as needed; 
fumigation as needed based on economic thresh
old; and aeration or grain turning when hot spots 
are detected. 
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Figure 11. Temperature and relative humidity of the ambient, chilled and bin-inlet air 
in May 1989 under Midwestem USA conditions (from Maier et al. 1993). 

387 



When coordinated, S.L.A.M. management strate
gies will help to maintain grain quality, minimise 
marketable moisture weight loss, reduce operating 
costs, and preserve stored product quality, 

Table 3. Design and operating specifications of a 
commercialu grain chiller in a temperate climate. 

Cooling capacity 

max. capacity under favourablc 
conditions: 

average capacity: 

Flow volume a/the cold air 

at a static pressure of J 00 mm W.O.: 
3OOmmW.O.: 

Compressor cooling capacity 
(nominal) 

at 300e condensing temperature and 
ooe evaporating temperature: 

Connected load 

compressor: 

cold air fan: 

connected load at nominal cooling 
capacity: 

500 t/day 

330-340 t/day 

14200m3/h 
18oo0m3/h 

115kW 

25 kW 

30 kW 

55 kW 

a GTC3500 manufactured by AAG Manufacturing. Milwaukee, 
Wisconsin, USA. 

Aeration Modeling 

Simulation programs can be used to accurately deter
mine the time required to cool a mass of grain. An in
depth analysis of grain aeration can be made with a 
fixed-bed drying model (Bakker-Arkema 1984). The 
aeration simulation model chosen in the subsequent 
case studies assumes steady-state between the grain 
and air temperatures and humidities, The model is 
called AERATE, and was developed by Michl 
(1983); significant modifications to the Michl model 
were made by Maier (1992) and Maier et al. (\996). 
The Michl model is similar to the Thompson (1972) 
fixed-bed grain drying model. 

The AERATE program requires information about 
the desired aeration strategy, the ambient conditions, 
the bin configuration, and the grain being dried! 
cooled. The simulation of conventional aeration is 
accomplished using historic weather data. The hourly 
temperature and relative humidity values are needed, 
along with the local barometric pressure. The other 
moist air parameters are calculated with the help of 
the built-in psychrometric subroutines. In the chilled 
aeration operation, it was assumed that the inlet air 
temperature and relative humidity were supplied by a 
commercial grain chiller independent of the ambient 
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conditions. The cooling air temperature and relative 
humidity to the grain pile were constant at the bin 
inlet and depended on the desired storage temperature 
and moisture content of the grain. To prevent insect 
development a threshold of 15°C grain temperature 
was chosen (Baur 1984). 

The effectiveness of preserving grain quality utilis
ing both ambient and chilled aeration will be illus
trated for Thai, Brazilian and U.S. conditions, for 
both maize and paddy rice. 

Case Studies 

Case 1: Thailand 

Input data for Thailand 

In order to assess the potential use of grain chillers 
in Southeast Asia, the storage of paddy in central 
Thailand was previously considered by Maier et a!. 
(\993). Simulation was employed to analyse ambient 
versus chilled aeration of a 15 m diameter and 10 m 
high steel silo filled with 1000 t of paddy initially at 
27-29°C. The silo was assumed to be equipped with 
a fully perforated floor for uniform airflow through 
the paddy. Airflow rates in the range of 0.05-0.5 m3/ 
minlt were considered as recommended for the bulk 
storage of grains by Brooker et al. (1992). Weather 
data for the central region of Thailand were used. The 
data were collected by the Rice Research Center in 
Pathumtani Province for 1988 and 1989 (AIT \990), 
and analysed as described by Maier et al. (1993). For 
the lO00-t bin of paddy, the static pressure drop was 
determined for rough rice according to ASAE Data 
D272.2 (Anon. 1992). The calculated value was 
increased by 10% to account for additional pressure 
losses due to the perforated bin 1100f, the connecting 
duct, the velocity pressure in the duct, and fines accu
mulation in the grain mass. 

In order to maintain the 13% moisture content of 
the paddy at 15°C, an equilibrium relative humidity 
of the chilled bin inlet air of 65% was required 
according to ASAE Data D245,4 (Anon. 1992). The 
heat loss in the connecting duct was assumed to be 
1°C. Thus, the required chilled air temperature was 
14°C with a relative humidity of 69%. A summary of 
the input parameters used in the A ERA TE grain cool
ing simulation model is found in Table 4. Simulation 
results were determined for the wet and dry seasons 
of 1988 and 1989 for the central region of Thailand. 

Results and discussion for Thailand 

Ambient aeration. The ambient air temperature and 
relative humidity ranges and averages are summa
rised in Table 5. Average temperatures and relative 
humidities were lower for the dry than the wet sea
sons. The 1988 dry season was slightly cooler and 



wetter than the 1989 season, while the 1988 and 1989 
wet seasons were similar in temperature but with 
1988 slightly wetter than 1989. 

Table 4. Input parameters of the AERATE simulation 
model for ambient and chilled aeration of 1000 t 
of paddy under typical Thai conditions (from 
Maier et al. 1993). 

Parameter 

Bin diameter, m 

Bin height, m 

Bulk density, kg/m3 

Initial paddy temperature, °C 

Air temperature 

Air relative humidity 

Airflow, m3iminlt 

Initial moisture, % wb 

Values 

15.0 

10.0 

566.0 

Dry season Wet season 

27.0 29.0 

Ambient Chilled 

see Table 5 14°C 

see Table 5 69% 

0.150 0.14&-OIS0 

13.0 13.5 

The ranges and final average temperatures and 
moisture contents of the paddy for both seasons and 
years are summarised in Table 6 for continuous ambi
ent aeration. The temperature range was wider during 
the dry than the wet seasons (up to I l's°C during the 
1989 dry season), and the shrink loss was greater dur
ing the dry than the wet seasons. The average shrink 

losses of the paddy reached 0.9-1.2 percentage points 
of moisture by the end of the wet season aeration 
periods, and 1.1-104 points by the end of the dry sea
sons. 

The temperature and moisture content of the paddy 
during four months of continuous aeration between 
July and October 1988 are shown in Figure 12 (the 
other three seasons showed similar patterns). The 
average paddy temperature remained above 25°C at 
all times, a range (up to 31°C) in which insect devel
opment is usually optimum; this verifies the results 
found by Nour at al. (1988). The repeated adsorption 
and desorption eycles as evidenced in the bottom lay
ers of the paddy bin during the 1988 wet season tend 
to increase fissuring of the kernels and decrease head 
yield. Thus, continuous ambient aeration appears to 
reduce the quality of the paddy. 

To reduce the adsorption and de sorption cycles of 
the paddy, a humidistat set to operate the aeration fan 
when the relative humidity was below 75% was eval
uated. The ranges and final average paddy tempera
tures and moisture contents are summarised in Table 
7 for both seasons and years. Paddy temperature 
ranges were not significantly different compared to 
continuous aeration. However, average temperatures 
at the end of each season were higher by up to 1.6°C 
in the 1988 dry season and 1.7°C in the 1988 wet sea
son compared to continuous aeration. Shrink losses 
were increased by 0.3% at the end of the two wet sea
sons and by 0.7-0.8% at the end of the two dry sea
sons. Figure 13 shows that the average temperature of 

Table 5. Ambient air temperature and relative humidity ranges and averages during the wet (I July 
31 October) and dry (\ November \-28 February) seasons of 1988 and 1989 for the central 
region of Thailand (from Maier et al. 1993). 

Year Wet season Dry season 

Average Average 

1988 20.7-36.5°C 28.6°C 15.0-35.SoC 25.6°C 

41-100% 79% 42-100% 74% 

1989 19.2-36.rC 28,SOC 14.3-36.0°C 26.3°C 

52-100% 75% 39-100% 72% 

Table 6. Ranges and final average temperatures and moisture contents of paddy aerated continuously 
during the wet and dry seasons of 1988 and 1989 for the central region of Thailand (from 
Maier et al. 1993). 

Year Wet season Dry season 

Range Final Range Final 

1988 25.7-30.9°C 29.0°C 20.2-29.5°C 26.5°C 

11.9-13.3% 12.1% 11.2-13.2% 11.9% 

1989 24.8-30. 1°C 28.9°C 19.6-31.I oC 30.0°C 

11.6-13.0% 11.8% 10.9-13.2% 11.6% 
.---~.------
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the paddy remained above 26°C for humidistat-con
trolled aeration during the 1988 wet season (the other 
three seasons showed similar patterns). However, the 
daily temperature variation in the grain pile observed 
during continuous aeration was avoided. The temper
ature of the bottom layer was higher than that of the 
top layer during most of the aeration period. This was 
due to the operation of the fan during high-ambient 
temperature periods when the ambient relative 
humidity dropped below 75%. 
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Figure 12. Temperature and moisture content of paddy rice 
aerated continuously under Thai conditions 
between July and October 1988 (from Maier et 
al. 1993). 

On the other hand, the humidistat-controlIed aera
tion reduced fan run-time and energy consumption. 
During the dry storage seasons of 1988 and 1989. 44 
and 38% less energy and during the wet season of 
1988 and 1989. 64 and 43% less energy were con
sumed, respectively, than for continuous aeration. 
The fan operated for 1650 and 1836 hours during the 
1988 and 1989 dry seasons, respectively, and for 1062 
and 1680 hours during the 1988 and 1989 wet sea
sons, respectively, compared with 2946 hours during 
the continuous four-month aeration operations. While 
the number of cycles of moisture adsorption and des
orption during the humidistat-controlled aeration 
were reduced, the bottom layer reached a moisture 
content of as low as 9.3% during the 1989 dry season 
compared with 10.0% for continuous aeration (not 
shown). Thus, a simple humidistat does not appear to 
be a desirable aeration controller for use in the humid 
tropics. 

Chilled aeration. Contrast the results in Figures 12 
and 13 with those in Figure 14 in which chilled aera-
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tion with constant bin-inlet air conditions was used 
for the average of the two wet seasons. The paddy in 
the silo was completely chilled to below 20"C within 
88 hours, and below IScC within 144 hours. The 
moisture content of the bottom layer reached 12.5%, 
while the top layer was slightly below 13.0%. During 
the average of the two dry seasons, the chilling time 
was only 110 hours and yielded similar temperature 
and moisture profiles. Most importantly, at JS"C and 
12.5-13.0% m.c., the paddy can be stored for 
extended periods in Southeast Asia and elsewhere 
with a significant reduction in the potential for insect 
infestation (Baur 1984). Additionally, in order to 
achieve the desired market moisture content of 13%, 
the initial paddy moisture could be as high as 13.S% 
due to the evaporative cooling effect of the chilled 
air. 
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Figure 13. Temperature and moisture content of paddy rice 
aerated whenever the relative humidity was less 
than 75% under Thai conditions between July 
and October 1988 (from Maier et al. 1993). 

The average chilling capacity of 167 t/day during 
the wet season in Thailand was about 50% of the rated 
average capacity specified by the chiller manufac
turer; during the dry season, the actual capacity of 218 
t/day was 35% less than the rat~d one. The energy 
requirement for chilling to 15°C during the wet season 
was 7.8 kWhlt compared to S.9 kWhJt during the dry 
season, i.e., a decreasc of 24%. These results indicate 
that the commercial grain chiller would not operate 
optimally in the central region of Thailand. Chiller 
manufacturers usually equip their units with larger 
refrigeration capacities to accommodate the higher 
latent cooling loads in the humid tropics. 



Table 7. Ranges and final average temperatures and moisture contents of paddy aerated whenever 
the relative humidity of the ambient air was less than 75% during the wet and dry seasons 
of 1988 and 1989 for the central region of Thailand (from Maier et a!. 1993). 

Year Wet season Dry season 

Range Final Range Final 

1988 26.2-30.8°C 30.7°C 20.6-28.1 QC 28.1°C 

11.7-\3.0% 11.8% 11.1-13.0% 1 J.1% 

1989 24.5-29.9°C 29.8°C 19.7-30.1°C 30.l oC 

11.4-13.0% 11.5% 
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Figure 14. Temperature and moisture content of paddy rice 
aerated with a grain chiller during the Thai wet 
season (from Maier et al. \993), 

Summary for Thailand. The cooling of paddy 
stored under Thai conditions during the 1988 and 
1989 seasons showed that ambient aeration could not 
reduce the average grain temperature below 25°C 
during either the wet or dry season. Chilled aeration 
moved a cooling front completely through a 1000 t 
bin. It lowered the paddy temperature to 15°C, which 
is the typical insect development threshold, in 110 to 
144 hours, depending on the season. However, a 
commercial grain chiller originally designed for tem
perate climates would have to have to have its refrig
eration capacity increased by 35-50% to match the 
fan design airflow rates desired for the humid tropics. 
Shrink loss due to ambient aeration was higher during 
the dry than the wet season, and was smallest for 
chilling with 0.5 percentage points compared to 0.9-
1.4 points for continuous ambient, and 1.2-2.1 points 
for humidistat-controlled aeration. In addition, mois
ture gradients between the top and bottom layers 
were minimised by chilling. A simple on-off humi
distat set to operate below 75% relative humidity ran 
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10.8-13.0% 10.9% 

the fan 38 to 64% less than continuous aeration. 
Although it reduced the effect of adsorption and des
orption cycles, it removed up to 0.8 percentage points 
more moisture from the paddy and did not control the 
paddy temperature any better than continuous ambi
ent aeration. 

Case 2: Brazil 

Input data for Brazil 

In order to assess the advantage of the use of aera
tion in Brazil, the storage of maize in the Parana 
region was considered by Moreira and Maier (1993). 
Simulation was employed to analyse conventional 
and chilled aeration of grain stored at a commercial 
grain elevator. The maize was stored in a metal silo 
with a holding capacity of 600 t; the silo diameter 
was 10.1 m and the fill depth 10.3 m. The maize was 
harvested on 15 March, dried (if needed) to about 
14% m.c. (w.b.), and reached the silo at approxi
mately 25°C. Different aeration schedules were used 
with the principle aim to cool the grain to below 15°C 
as rapidly as possible without excessive overdrying. 

Two aeration strategies were investigated using 
ambient air at a flow rate of 0.1 I m3jminlt using a 5 
hp fan: (I) continuous aeration, and (2) aeration 
whenever the relative humidity of the ambient air was 
below 75%. The grain temperature and moisture con
tent in the silos were simulated for March through 
September in Parana, Brazil, over a four-year period 
(i.e., 1989-1992) using ambient weather conditions 
recorded every three hours. For the chiller, the ambi
ent air was cooled and dehumidified to a temperature 
of 15°C, and a relative humidity of 65% for maize. 
The airflow rate during chilled aeration was also 0.11 
m3jminlt. 

Results and discussion for Brazil 

Ambient aeration. The weather conditions for 
March-September 1989-1992 in the south of Brazil 
are summarised in Table 8. The four-year average 
temperature was 20°C with a range of 2. I to 32.8°C, 
the four-year average relative humidity was 75.0% 



with a range of 30.1 to 100%. Figure 15 shows the 
plot of the 1991 weather conditions for March-Sep
tember. 
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Figure 15. Ambient temperature (a) and relative humidity 
(b) in Parafta, Brazil between 15 March and 15 
September 1991 (from Moreira and Maier 
1993). 

Table 8. Average, maximum and nummum ambient 
temperature and relative humidity in southern 
Brazil between March-September 1989-1992 
(from Moreira and Maier 1993). 

Year Temperature (0C) Relative humidity (%) 

1989 19.7 31.8 2.1 73.9 lOO 29.5 

1990 19.2 32.8 2.8 76.4 lOO 30.1 

1991 20.7 32.8 5.1 70.5 lOO 27.7 

1992 19.5 31.3 3.1 79.1 lOO 31.1 

Figures 16 and 17 show the average temperature 
and moisture content of the maize for the March 15-
September IS, 1989-1992 storage periods for the con
tinuous and humidistat-controlled ambient aeration 
strategies. Continuous aeration resulted in lower aver
age grain temperatures and in less overdrying of the 

maize (Table 9). However, grain temperatures 
remained above 20°C for 1.5-3 months for continu
ous versus 2-4.5 months for intermittent aeration. 
Temperatures reached 15°C and below in two and 
one of the four seasons, respeetively. It took longer 
for the maize to reach the desired storage temperature 
using intermittent aeration. The 1992 season was a 
rather humid one with the least moisture shrink for 
both strategies. Intermittent aeration resulted in 0.1 to 
0.4 percentage points overdrying of the maize. How
ever, the bottom grain layers shrank by as much as 
1.8 percentage points compared with I point maxi
mum shrink for continuous aeration. However, 
energy consumption was on average 40% less for 
intermittent aeration (Table 10). 
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Figure 16. Temperature (a) and moisture content (b) of 
maize aerated continuously under Brazilian con
ditions between March-September 1989, 1990, 
1991 and 1992 (from Mo~eira and Maier 1993). 

Chilled aeration. Figure 18 shows a sharp contrast 
among the results when chilled aeration with constant 
air-inlet conditions is compared with the conventional 
aeration systems for maize (similar results were 
obtained for the other years). The maize in the silo 
cooled to below 20°C within 7 days, and below 15°C 
within 15 days. The final average moisture content of 
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the maize in the silo was reduced by less than 0.3% 
during the cooling process. 

Energy consumption was on average 4509 kW 
independent of the inlet temperature changes (Table 
10). This was on average 19.9% more energy than for 
continuous aeration, and 100% more than for inter
mittent aeration. Nevertheless, even in warmer years 
the chiller was able to reduce the grain temperature 
from the bottom to the top of the silo uniformly to the 
desired value in shorter periods of time than with 
ambient air. 
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Figure 17. Temperature and moisture content of maize 
aerated when relative humidity was less than 
75% under Brazilian conditions between 
March-September 1989. 1990. 1991 and 1992 
(from Moreira and Maier 1993). 

Summary for Brazil. The cooling of maize stored 
under Brazilian conditions during 1989 through 1992 
mid-March to mid-September showed that ambient 
aeration could not reduce average grain temperatures 
consistently below 15°C in a predictable time. Chilled 
aeration cooled the 600 t steel bins within 15 days. 
Shrink loss was highest for intermittent ambient aera
tion and least for chilling. Average energy consump
tion for chilling of 7.5 kWhlt were only 20% higher 
than for continuous ambient aeration. This would 
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appear to be acceptable given the additional savings 
that can accrue due to a reduction in the need for 
insecticides and fumigants. 
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Figure 18. Temperature and moisture content of maize 
aerated continuously. when relative humidity 
was less than 75%, and using chilled aeration 
under Brazilian conditions between March
September of 1989 (from Moreira and Maier 

Case 3: United States 

Input data/or the United States 

In order to assess the advantage of the use of grain 
chillers in the United States, the storage of paddy rice 
and food maize in the Corpus Christi, Texas area was 
considered at two commercial food-grain elevators by 
Maier et al. (1993). The rice was stored in 60 concrete 
silos with a holding capacity of 91 t each; the silo 
diameter was 3.7 m and the fill depth 15.3 m. The 
maize was stored in 36 concrete silos with a holding 
capacity of 1200 t each; the silo diameter was 9.1 m 
and the fill depth 23.8 m. The rice and maize were 
harvested in late July, dried (if needed) to about 13% 
(w.b.), and reached the silos at approximately 38"C. 
Four aeration strategies were investigated using ambi
ent air at a flowratc of 0.1 m3/minit: (1) continuous 



aeration, (2) aeration whenever the relative humidity 
of the ambient air was below 75%, (3) aeration 
between 10 a,m, and 4 p,m" and (4) aeration between 
to pm. and 4 a.m. 

The chilling of the grain was set to provide a bin 
inlet air temperature of 15°C, and a relative humidity 
of 58% for maize and 63% for rice. The airflow rate 
during chilled aeration was a constant 0.1 m3/minlt. 
Both ambient and chilled aeration were analysed dur
ing the warmest storage months (i.e., August, Sep
tember and October) over a three-year period (i.e., 
1988-1990). Weather conditions were recorded 
every three hours (NOAA 1988, 1989, 1990). 

Results and discussion for the United States 

Ambient aeration. The weather conditions for Cor
pus Christi, Texas, during August and October are 
warm and humid. The 28-year average temperatures 

(i.e., 1962-1989) for August were 28.6°C, for Sep
tember 27.0°C, and for October 23.3°C, Ambient 
temperatures in 1988 ranged from 13.3 to 38.9°C, 
and the relative humidity from 27 to 100% during 
August through October. 

There was little difference in the stored grain tem
peratures among the three seasons and between the 
two grains (Tables 11 and 12). The average grain 
moistures in the silos remained at 12.5±0.5% w.b., 
and the average grain temperatures for the summer 
were 28±2°C. Continuous aeration resulted in less 
overdrying of the rice and maize in the bottom layers 
of the silos, and in the lowest average grain tempera
tures (except for the to pm.-4 a.m. case), and has the 
smallest differentials in moisture content. Thus, it is 
the recommended strategy of aeration among the four 
investigated for food maize and rough rice in the 
warm and humid coastal region of Texas. 

Table 9. Average grain temperatures and moisture contents, and ranges for the regular and 
chilled aeration of maize in southern Brazil between March-September 1989-1992 
(from Moreira and Maier 1993). 

Strategy Year eC) Moisture (% w.b.) 

Continuous 1989 20.5 26.8-14.2 13.6 14.0-13.3 

Less than 75% r.h. 22.3 27.5-16.6 13.3 14.1-12.7 

Chilled" 17.1 25.0-14.8 13.7 14.0-13.6 

Continuous 1990 20.6 27.9-16.1 13.7 14.1-13.5 

Less than 75% Lh. 22.1 28.5-14.6 13.6 14.1-13.0 

Chilled" 17.4 25.0-14.8 13.7 14.0-13.6 

Continuous 1991 20.6 27.8-16.1 13.6 14.1-\3.0 

Less than 75% r.h. 22.1 26.9-16.1 13.3 14.1-12.2 

Chilled" 17.3 25.0-14.8 13.7 14.0-13.6 

Continuous 1992 21.1 26.3-14.4 14.1 14.2-13.8 

Less than 75% r.h. 23.3 26.9-18.9 13.7 14.1-13.\ 

Chilleda 17.3 25.0-14.8 13.7 14.0-13.6 

a It was assumed that the chilled grain was maintained at these average conditions with intermittent 
rechilling during the 4-month storage period. 

Table 10. Operating hour and power consumption of fans and chiller unit for the regular and 
chilled aeration of maize in southern Brazil between March-September 1989-1992 
(Moreira and Maier 1993). 

Continuous When r.h. < 75% Chillinga 

Year Operating Power Operating Power Powt)r 

1989 2778 3500 1986 2502 360 4508 

1990 1659 2090 1377 1735 372 4656 

1991 4440 5594 2376 2994 345 4331 

1992 3066 3863 1392 1754 366 4539 

Avg. 2986 3762 1783 2246 361 4509 

a Only includes energy consumed for initial cool down of maize. 

394 



Table 11. Average grain temperatures and moisture contents, and ranges, for 
the regular and chilled aeration of rice in Texas between August
October 1988 (Maier et al. 1992). 

Strategy Temperature (0C) Moisture (%, w.b.) 

Average Range Average Range 

Continuous 27.8 21.1-37.8 12.8 12.2-13.2 

Less than 75% r.h. 29.3 24.0-37.8 12.1 11.6-13.0 

\0 a.m.-4 pm. 29.3 24.7-37.8 12.3 11.9-13.0 

10 pm.-4 a.m. 26.9 21.0-37.8 12.9 12.7-\3.3 

chilleda 15.2 15.0-15.5 12.9 12.8-12.9 

a After 124 hours of chilling. 

Table 12. Average grain temperatures and moisture contents. and ranges, for 
the regular and chilled aeration of maize in Texas between August
October 1988 (from Maier et al. 1992). 

Strategy Temperature (0C) 

Average 

Continuous 28.3 

Less than 75% r.h. 29.6 

10 a.m.-4 pm. 29.8 

10 pm.-4 a.m. 27.6 

Chilled" 15.2 

a After 154 hours of chilling. 

Aeration from 10 pm. to 4 a.m. resulted in the low
est rice and maize temperatures, Le., about 2I oe in 
1988 (Figure 19). However. an excessively large var
iation in the moisture contents developed in the silos. 
The bottom rice and maize layers absorb up to 1.5% 
of moisture over the 3-month storage season. Aera
tion from 10 a.m. to 4 pm., and under conditions of 
less than 75% relative humidity, resulted in excessive 
overdrying of the bottom layers of the rice and maize 
in the silos, i.e., by as much as 2% moisture. 
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Chilled aeration. The results for the various ambi
ent aeration strategies contrast sharply with those for 
chilled aeration with constant air-inlet conditions for 
rice and maize. The rice in the silo was cooled to 
below 25°e within 54 hours, and below 15°e within 
124 hours (Tables I1 and 12). Due to the evaporative 
cooling effect, the initial rice moisture content could 
be as high as 13.8% to achieve a desired market 
moisture content of 13.0% at the end of the cool
down period. The moisture content of the entire pile 
was within 0.1 %. The final temperature gradient 
between the bottom and top layers was less than 
0.5°C. 

Figure 19. Temperature and moisture content of rice aer
ated daily from 10 pm. until 4 a.m. under Texas 
conditions between August and October 1988 
(from Maier et al. 1993). 
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The cool-down of the larger-sized maize silo to 
below 15°C is completed in 154 hours; the maize 
temperature dropped below 25°C within 66 hours of 
chilling. The moisture content of the maize was about 
13.0% at the end of the cool-down period. The mois
ture content differential between the bottom and top 
layers was less than 0.1 %. and the final temperature 
gradient less than O.s°c. It is noted that, depending 
on the capacity of the commercial grain chilling unit, 
multiple silos can be chilled at the same lime when 
appropriate aeration ducting is used. Most impor
tantly, at 15°C and 12.5-\3.0% m.c., the rice and 
maize can be stored indefinitely in Texas, with a sig
nificant reduction in the potential for insect infesta
tion (Baur 1984). 

Summary for the United States. Ambient aeration 
of rough rice and food maize during the summer 
months (August-October), could not lower the aver
age grain temperature below 28°C in Texas. Of the 
four conventional aeration strategies investigated, 
continuous aeration performed best sinee it resulted 
in the smallest moisture losses and gradients in the 
commercial rice and maize silos. Time-clock and 
upper-limit relative humidity control of regular aera
tion led to the partial overdrying or underdrying of 
grain in a silo. Chilled aeration with properly-sized 
equipment was able to lower the rice and maize tem
peratures in the commercial silos to below 15°C 
within a 120-160 hour period. Chilled aeration also 
prevented excessive moisture losses and maintained 
the moisture content of silo-stored rice and maize 
uniformly at 13% (w.b.). 
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Conference Summary and Recommendations 

Grain that is not dried after harvest is rapidly spoiled by moulds, heating, and insects. The 
longer drying is delayed, the greater will be the loss of food for humans and feed for animals. 
Eventually, the whole crop may be destroyed. 

Grain drying is thus an important topic for an agricultural countries, and is a special prob
lem in countries such as Thailand where at least one harvest occurs during the wet season. To 
satisfy the food needs of an ever-growing world population, not only must production of sta
ple grains such as rice, maize, and wheat be increased, but also the losses that occur after har
vest must be reduced. 

This international conference dedicated to global sharing of knowledge on grain drying 
was hosted at the Food and Agriculture Organization (FAO) of the United Nations Regional 
Office for Asia and the Pacific in Bangkok. The conference was officially opened by Mr 
A.Z.M. Obaidul1ah Khan, Assistant Director General and FAO Regional Representative for 
Asia and the Pacific. 

The conference, funded by the Australian Centre for International Agricultural Research 
(ACIAR) and FAO, and organised by the ASEAN Food Handling Bureau (AFHB), was 
attended by over one hundred engineers, biologists, economists, and other specialists from 
more than twenty countries around the world. It was organised under the banner of the Group 
for Assistance on Systems relating to Grain After-harvest (GASGA), an international techni
cal advice group of which FAO is a member. The conference provided an opportunity for 
grain drying, handling, and storage specialists to come together and share their expertise and 
experience. 

The problems of grain drying are technical, economic. social. and sometimes political. The 
technical solution to the problem of grain drying in the wet season when sun drying is often 
not possible is to introduce mechanical dryers-machines that bum oil or other fuels to pro
duce heat for drying. However, those needing the dryers are often poor, small farmers who 
cannot afford to buy them or to pay a fee for their use. Thus, many governments and interna
tional agencies have been exploring means of overcoming this problem and extending the use 
of grain dryers in the farming sector. 

Presentations made at this conference highlighted that much progress has been made in 
grain drying in the Asian region over the past ten years. The results of research have led to the 
design and construction of efficient dryers that match the scale of operations of farmer groups 
and co-operatives. Larger traders servicing export markets are adopting a two-stage drying 
strategy developed by collaborating teams in Australia, the Philippines, Thailand and. more 
recently, Vietnam, in research sponsored by ACIAR. 

A breakthrough in Thailand over the past few years has been the development and com
mercialisation by King Mongkut's Institute of Technology Thonburi and the Rice Engineer
ing Supply Co. Ltd of a fluidised-bed machine for rapid drying of wet paddy and maize. Units 
of these machines have been sold to grain traders in Thailand and many more are on order. 
There is also interest from other countries, and two units have already been sold in Indonesia. 

In the Philippines, mobile flash dryers developed by researchers are being distributed to 
farmer co-operatives throughout the country as part of a government program to improve 
grain production. 

Another aspect of grain drying that has received much attention is the use of cheaper, 
alternative fuels for grain drying machines. Research on the combustion of paddy husks, a 
material once treated as waste, has led to the development of efficient rice-husk burners pro-
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ducing heat for grain drying. Vietnamese researchers have built their own fluidised-bed dry
ers, based on the Thai design mentioned above, but using rice husks as the energy source for 
drying. The need to minimise emissions of greenhouse gases is also being addressed in the 
designs of new grain drying strategies. 

International trade in staple food and feed grains-an area of considerable interest to Thai
land. the world's largest rice exporter-has been a driving force for improvements in grain 
drying. International markets demand grain of the highest quality and appropriate drying is 
recognised as the crucial first step in preserving grain quality after harvest. A problem for 
designers of grain dryers has been lack of inforn1ation on quality standards in different coun
tries in the Asian region. Participants in the conference in Bangkok committed themselves to 
gathering this information for eventual publication. Also, the attention of participants was 
drawn to the existence of a draft international standard (ISOIDIS 11520-1) covering 'Agricul
tural grain dryers---determination of drying performance', published by the International 
Organization for Standardization. A outline of the content of the draft standard appears after 
this conference summary. Adoption of the testing protocols promoted by the standard could 
lead to further improvements in the performance of grain drying equipment. 

In closing the meeting. conference chairman Dr Bruce Champ. noted that presentations 
and discussions during the week had highlighted that there was a general recognition and 
acceptance in the grain industries of Asia of the need for appropriate drying technology to 
maintain quality and enhance international trade in grains. In the commercial sector at least, 
the adoption of drying technology was self-sustaining. However, the challenge remains to 
bring the benefits of new knowledge in grain drying to greater numbers of the small farmers 
who are the main grain producers of Asia. The conference recommended that research and 
extension agencies continue to explore means for enhancing levels of adoption of appropri
ately scaled and cost effective drying systems by co-operatives and farmer groups, and that 
governments foster grain standards and grading systems that provide financial incentives to 
fanners to dry their crop. 
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International Standards for Agricultural Grain Dryers 

The International Organization for Standardization has drafted standards for the detennination 
of drying perfonnance of agricultural grain dryers (ISO/DIS 11520-1). Part I of this protocol 
concerned the general issues involved and the areas covered are outlined in the following 
summary: 

This Standard describes methods for evaluating the drying perfonnance of continuous 
flow and batch grain dryers. The methods specified are for detennining the evaporation rate 
which the machines concerned are able to achieve under the steady state conditions prevailing 
during the tests. Methods for correcting observed perfonnance to other input and standard 
ambient conditions are described. 

For continuous flow dryers the basis of the standard is to monitor the dryer during a rela
tively short period with steady state conditions fully established, rather than over a long period 
with fluctuating conditions. For batch dryers the basis is to monitor the dryer during a full 
cycle of operation. This approach allows the dryer to achieve an evaporation which is maxi
mum for the test conditions, allows comparison of results between different dryers and 
enables the results to be corrected to specified input and standard ambient conditions. 

Normative references are given to other International Standards which through reference 
in this text constitute provisions of this International Standard. 

The text is prefaced by a series of definitions of drying tenns and parameters by a list of 
the symbols and subscripts that identify the various quantities being measured and the units of 
measurement involved. 

The perfonnance required of test instrumentation is specified. This covers sensors for air 
properties-air temperature, air humidity, static pressure and barometric pressure; for grain 
properties-moisture content and mass; and for energy consumption either from electricity or 
fuel combusted in situ. 

The preparations necessary for testing are outlined commencing with recognition of the 
nominal dryer specifications, requisition of appropriate amounts of grain, and installation of 
the sensors for measuring the temperature of the drying air, the cooling air, the air inlet to the 
heater and the exhaust air, the humidity of the inlet air for drying and cooling, the grain tem
perature, and air static pressure across the grain bed(s) and fan(s). 

Procedures for grain sampling before and during tests are detailed specifying sample num
bers and size, choice of sampling points, frequency of sampling for both continuous flow and 
batch dryers, properties to be measured and methods for their measurement, the actual con
duct of sample analyses whether for temperature, moisture content, or gennination, and 
finally for determination of grain mass and any loss in the exhaust airstream. 

The sequences to be followed during testing are given for continuous-flow and batch dry
ers incorporating routines, during start up, the stabilisation period to steady state operation for 
continuous-flow dryers, and the test period itself. 

Finally, methodology for calculation of results is provided. For continuous-flow dryers 
this involves estimation of the mass flow of the grain, its residence time in the dryer and the 
input moisture content in addition to the performance data common to both continuous-flow 
and batch dryers-evaporation rate, electrical energy consumption, thennal energy consump
tion from either direct or indirect heating, and thus specific thennal energy consumption and 
specific total energy consumption. Serial measurements are allowed for in calculation of 
means and their deviations. 
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The results are presented in a test report which includes a specification of the dryer on 
which the test is made, a description of the installation, specification of the fuel used and the 
input grain, and a table of results which summarises the performance of the machine (detailed 
in Annex E) and includes additionally measured data, graphs and other calculated data. 

A series of annexes provide additional information: 

ANNEX A (Normative) Correction to standard conditions specifically changes in air den
sity with barometric pressure and temperature; and power, energy and fuel consumption 
from both electrical and direct and indirect them1al sources. 

ANNEX B (Informative) Estimation of uncertainty of derived measures of performance 
by calculation of means, standard deviations, and standard errors of the means of serial 
measurements. 

ANNEX C (Informative) Checklist in preparation for dryer testing covering on-site facili
ties, the dryer specification and capacity, measurement offuel consumption, grain quantity 
and quality, sensing and measuring systems, and grain sampling. 

ANNEX D (Informative) Airflow measurement and calculations by both direct and indi
rect methods, including derivation of formulae for apportioning air volume flow between 
drying and cooling beds, effect of standard inlets cones on airflow and estimation of 
humidity of exhaust air. 

ANNEX E (Informative) Example format for test reports for both continuous-flow and 
batch dryers. 
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