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GRAIN DRIER PROJECT 
UNIVERSITY OF LOWELL PHOTOVOLTAIC PROGRAM 

GRAIN DRIER PROJECT SUMMARY 
JULY, 1990 

One of the original projects undertaken under the cooperative agreement No. DE-FC04- 
87AL42558 between the Massachusetts Photovoltaic Program and the United States 
Department of Energy was to design, build, and test a grain drier which utilized solar 
energy effectively. 

Different grains have different drying requirements, and the grain drier team chose to 
design the drier for rice because of the worldwide economic importance of this staple food 
and also because of the challenges that drying rice presents. Rice loses much of its market 
value if it is exposed to large temperature changes while drying; therefore, a solar rice drier 
must be designed so as to try to level the temperature variations which naturally arise from 
the intermitmcy of the solar source. . 
The design team committed itself early in the project to a hybrid concept, where solar 
energy is utilized in two ways: i t  is captured 'thermally' in 8 rock-bed which acts at the 
same time as thermal storage and buffer, and it is converted 'directly' in a'small 
photovoltaic panel which generates electricity to power a small fan to circulate air through 
the rock-bed and the grain during daylight hours. At night, natural convection drives the 
air flow. 

The design of most of the system is flexible, in that the drier can be built with materials 
available at the intended site, with non-specialized labor. The team has purposely avoided 
any 'high tech' solution which would increase the drier cost for third-world users. 
Therefore, the drier design does not incorporate selective surfaces or a vacuum, two 
common methods of enhancing solar thermal performance. In fact, the design team even 
chose not to use a transparent cover to reduce thermal losses, since those covers would be 
either breakable (glass) or too expensive (polycarbonate), and therefore would tend to make 
an unprotected drier vulnerable to desrmction by natural elements or vandals. 

The design does incorporate a small  but relatively high value element, the PV panel and fan 
package. This package is valuable enough to constitute an exportable 'product', but it is 
light and not too expensive, and can, in principle, be detached from the drier for 
safekeeping or alternate use when there is no rice to dry. 

A major part of the group effort was devoted to data acquisition, to analyze the effects of 
different modifications on the drier performance. The results of the effort are summarized 
in this report: it appears that the system dries rice economically, and can make a 
conmbution to improve the value of rice crops in remote areas, eliminating the need for 
fossil fuels or grid power. On the other hand, the drier must be tested in regions where rice 
is actually being grown, and where pests (insects, rodents, reptiles) and climate are likely 
to be very different from those in Massachusetts, to determine whether the design is 
practical or requires funher modifications. 
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1.0 LNTRODUCTION 

To feed an exploding world population, more food needs to be produced and preserved. 
Food can be preserved by several means, such as canning, freezing, smoking, and drying. 
Drying is by far the least expensive of these processes. It is also the least demanding on 
limited energy resources. Dry food weighs less, and light weight is an advantage for 
transport. When drying is done 'naturally', with solar energy or in the open, fuel demands 
axe greatly aileviated. 

Open-air drying of agricultural products is one of the oldest direct uses of solar energy. 
While open-air drying is still widely practiced throughout the world, much of the food is 
spoiled by insects, animals, bacteria, and such weather-related factors as rain, high 
humidity, and rapid temperature changes. When open-air drying has been replaced, it has 
been replaced by fossil-fuel drying processes which are dependent upon diminishing and 
polluting non-renewable energy supplies. Solar driers are not only an alternative to 
dwindling resources, but they can eliminate most spoilage problems. 

In principle, drying is a straightforward solar thermal application. To dry food, all that is 
required is an adequate flow of air at sufficiently high temperature and low relative 
humidity. A simple drier can be enhanced with covers, reflectors, and selective surfaces, 
and designed to cixy products by natural convection. Due to the intermittent and irregular 
nature of the energy source, as well as, the variation in social, weather, and crop conditions 
throughout the world, however, an uniform, high-quality product cannot be assured with a 
standard economical design. Much effort has gone into the design and construction of 
'natural' solar collectors which, broken glass and all, lie unused throughout the world. 

Natural convection is a useful ally to the engineer and the farmer, but it is dependent upon 
specific ambient and solar irradiation conditions. In designs which include glass and 
conduits, it also demands a physical integrity which is not always easy to ensure. 

Forced convection decreases the drying time; fans and blowers can be driven by 
photovoltaic (PV) cells. Since PV cells convert only a fraction of the solar flux to 
elecmcity, and most of the rest is thermal energy, there is a possible advantage to PV- 
thermal hybrid driers. Typically, driers have been designed with large transparent surfaces 
to transmit solar radiation. Behind these surfaces, solar cells convert part of the Solar 
energy to elecmcity, and most of the remainder is conducted to the back of the cell support 
structure, where it heats a fluid: air. Hybrid driers have not been an unmitigated success 
due in part to their less obvious disadvantages. 

' 

The different conditions necessary for PV and thermal conversion give rise to one major 
disadvantage: PV cell efficiency suffers at high temperature. Another disadvantage is that 
the resulting drier structure is typically fragile, heavy, cumbersome, and expensive. 

It is necessary to return to the fundamentals and consider separately the two functions 
required in drying: the need for enhanced air flow and the needs for higher temperature and 
lower relative humidity. It may be easier to solve two simple problems than one, if the 
latter has conflicting requirements. Parenthetically, if one of the simple problems has a 
solution which is relatively 'high tech', but cheap, there is the potential for a mass- 
marketable product. 

To explore these possibilities, it is desirable to formulate the problem as generally as 
possible; the goal is to design a practical solar drier. This simple statement leads directly to 
several design considerations: 
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Because different crops have very different drying requirements, it is not 
xcasonable to ny to design a muiticrop solar dric;r. One must have a particular 
food product in mind. This product must be important to many people, and it 
must have a high value. 

If part or all of the drier is to be transported from where it is manufactured to 
where it is going to be used, the transportable part must be relatively small and 
light. Also, while this part cannot be too expensive, it must be valuable 
enough to merit transportation 

The design must be resilient. It must be able to survive atmospheric conditions 
in the areas where i t  is iikely to be used, and its operation cannot be dependent 
on the maintenance of 'perfect' air seals and alignment, or on delicate electronic 
components. 

If part of the solution includes items which are bulky or heavy, the design must 
be flexible enough so that it can be achieved with local materials and local 
expertise. One cannot expect a Thai or Nigerian farmer to have easy access to 
selective paints, laminated mirrors, or perfect 2x4's. 

The following pages explore the consequences of these conditions. 
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2.0 BACKGROUND 

Cereal plants and grasses producing seeds and fruits commonly known as "grains" are 
consumed as a staple food in every major continent of the world. Table 1 shows 1977 
grain production by continent or political boundary. Rice is consumed by approximately 
90% of the populations of many developing counmes, and it constitutes the major 
carbohydrate source for more than half of the world population. By comparison, wheat is 
the staple food for 33% of the world's population. A large percentage of the other grains 
in the table are livestock feed. (Note that a grain may be a staple in a parricular region or 
country even when there is a relatively small world production. Important grains not 
appearing in Table 1 include quinoa, amaranth, and buckwheat.) 

Table 1. 1977 WORLD GRAIN PRODUCTION (million memc tons) [l] 

.. . .*- I ..I"- I "Y.  .'I 

Total World Production 3 8 7  3 6 7  5 2  3 5 0  

Africa 8 .2  7.8 0.1 7 26.0 
N. Central America 77.0 6.6 15.0 177.0 
South America 9.0 13.0 0.76 31  .O 
Asia 108.0 335.0 2.5 I 54.0 

Oceania 9.7 0.6 1 .o I 0.4 
USSR 92.0 2.2 18.3 10.9 

Nates: 
Wheat: Main staple in the diet of 1/3 world population. 
Rice: Utilized by approximately 90% of the world low-income people for 

approximately 1/4 of their diet. Polished white rice is a major carbohydr 
source for 50?& of world population. 
5 - 1OOh for human consumption. 
In U.S.A., 80% goes to feed livestock. 

Oats: 
Corn: 

'ate 

Many non-food and cash crops were considered by the grain drier design group; however, 
only one could be chosen for the project. 

2.1 THE CHOICE OF RICE 

Dehydration of all the aforemennoned grains may be systematically fuffilled by indirect 
solar energy processes. Due to the relatively high world production of nce and its 
importance to some developing counmes, the team at the University of Lowell chose to 
design and optimize a rice drier. (Some of the conclusions from this project are adaptable 
to other grains and foodstuffs.) 

4 



Rice processing includes harvesting, threshing, drying, storing, and milling. Traditionally, 
sun-drying is done before or after threshing. An unthreshed paddy is sun-dried in bundles 
on the field while a threshed paddy is sun-dried by spreading it out on mats or on the floor 
in a layer about 1.5 cm thick. Both techniques commonly result in losses of rice head. 

During the drying process, overdrying and rewetting in varying weather conditions can 
induce cracking of the rice kernels leading to a poor yield of whole kernel rice head. To 
make up for these losses, a second crop may be grown, harvested, and inadequately dried 
during a different (less productive, wet) season; this crop will fetch a lower market value. 
A drier which lowers the initial losses might lessen the need for this second crop. (Any 
short term economic analysis will ignore the ecological stress of repeated monoculture, 
non-rotational planting, and inorganic growing practices). 

Lowering the losses is not easy; for best milling, rice must be harvested when the moisture 
content ranges from 20 to 26%. On the other hand, rice cannot be safely stored if moisture 
is above 12%, and rapid drying induces cracking. This introduces an interesting challenge; 
according to the ASHRAE Standards [2], of all g a i n s ,  rice is the most difficult to process. 

2.2 GRAIN DRYING 

Grain drying is a heat and mass transfer process. Heat decreases partial pressure of water 
vapor in air. The cool vapor in the grain tends to flow out of the grain due to a pressure 
gradient. Thus, dehydration requires the relative humidity of the air to be sufficiently low, 
and this can be achieved by preheating the surrounding air. 

It can be seen from Table 2 that the maximum drying temperature which protects the rice 
kernel from cracking is about 45C [3]. Solar energy can be collected very efficiently at 
temperatures below 45C; since this temperature is still high enough for dehydration to 
occur in adequate t h e ,  solar drying is quite suitable. 

Table 2. Moisture Characteristics Affecting Design 

Moisture Content Drying Moisture Content 
Product at Harvest Temperature for Storage 

(Mi) (Tp) (Mf) 
I 

Rice 141 I 20 - 26% I 45CMaximum I 12.0% 
1 

Wheat [5] 24 - 26% 35C Maximum 13.5% 

I I I 29 - 32% 65 - 116C 10 - 13% 1 Corn [63 1 
Peanuts [7] 20 - 30% 35 c 10.0% 

I 1 I 

I 34.1% I iZC above ambient 1 31.6% 
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2.3 THE RICE DRIER DESIGN 

One valuable lesson learned from solar rice drying research is that it is not desirable to 
over-heat the air. In fact, according to Calderwood [9], during mid-day hours, when solar 
energy is most readily available, the relative humidity of ambient air is generally low 
enough for drying wirh unhealed air. In their recommendations for using supplemental 
heat for deep-bed drying, Sorenson and Crane [lo] noted that although the temperature of 
the drying air may be raised 12F above ambient, heat should be added only during 
prolonged periods of high humidity. 

Calderwood noted that a method of using solar heat which conforms to Sorenson and 
Crane's recommendation is to collect i t  during the daytime, store it in an appropriate 
medium, then extract heat at night or during other periods when relative humidity of 
ambient air is at a high level. Calderwood studied the suitability of a pebble bed as a heat 
storage medium. 

On the basis of this background information, it is reasonable to consider a rice drier based 
on a combination of a themdl storage system, a thermal collector where air is not heated to 
a very high temperature, and a drying chamber where the pressure drops are low enough 
that air flow can be forced by a small fan or blower. The fan or blower would then be 
powered by a s d l  PV system. 

After considering different possible approaches, the University of Lowell group settled on 
an adaptation of a solar drier designed at the Asian Institute of Technology (AIT) in 
Bangkok, Thailand [I I]. in the AIT design, the rice was placed in a box 4.8 m long, 1.2 
m wide, and 30 cm deep. The bottom was made of 0.8 mm steel sheet perforated with 
holes 1.5 mm in diameter. The sides of the box were made of wood with removable panels 
at the back of the box which allowed the farmer to load and unload the paddy. The box 
was supported 1.0 m above the ground on a strong wooden frame, while clear piastic 
sheets supported by a framework of bamboo poles and wire enclosed the airspaces above 
and below the rice bed. Sunlight passing through the clear plastic cover heated the 
enclosure. Any air leaks would reduce the drying efficiency. 

The area of ground in front of and beneath the drier were covered with black burned rice 
husks in order to absorb more sunlight. The basic concept was that wann solar-heated air 
would rise through the perforated steel sheet and dry the paddy. A chimney attached 10 the 
drier increased the air flow by natural convection (chimney effect). 

Although the basic geometry has been retained, the design group has changed the concept 
in several subtle but important ways: eliminating the need for large transparent surfaces, 
increasing the storage capacity of the drier, and enhancing air flow, thus making it less 
dependent on the maintenance of good air seals when in the heating mode. The proposed 
design allows greater grain depths, for a given bed area of grain, than a system solely 
dependent on natural convection. 

The plastic sheets used to lower radiation and convection losses were eliminated to 
determine whether the configuration would still work adequately without them They we= 
substituted by an opaque cover which could be closed at night or during rainy weather. AS 
noted above, it is not really necessary to heat the air except during periods of high 
humidity. In fact, hearing the air may induce variations in the temperature and lead to p i n  
cracking; therefore, the problem is not so much one of lowering the losses while collecting 
solar energy at high temperature, but one of lowering those losses at night or during 
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periods of high humidity. Consequently, it may be possible to eliminate the transparent 
covers. This is convenient, because the integrity and longevity of transparent covers is one 
of the weak points in previous solar drier designs. 

Since the main goal of the drier is changed from one of heating air to one of maintaining a 
flow of air at relatively constant and acceptable temperature and humidity, it becomes 
important to enhance the thermal storage capacity of the design without unduly increasing 
the pressure losses. The increase in the thermal mass has been accomplished by 
substituting the burned corn husks in the Thai design with a bed of clean rock. 

Finally, and most importantly, it is necessary to enhance air flow. Since air is heated by 
the rocks, it tends to rise and flow through the trays when the doors are closed. It is 
necessary to enhance this natural convection effect. This has been accomplished, in part, by 
adding a rotating roof ventilator, Any external wind will make the ventilator rotate, thus 
enhancing air flow through the rock-bed. At night or during very humid conditions, this 
configuration ensures that the warmest and driest possible air flows into the drying 
chamber. 

A small PV-powered air blower has been integrated into the design to further enhance air 
flow. When the sun is shining, the covers are kept open, and the thermal gradients do not 
effectively push air through the rock-bed. The PV-powered blower ensures that air flows 
through the drying.bed even when the air outside is stagnant. This forced convection aids 
in heating the lower depths of the rock-bed storage. 

' 

This design aims at utilizing solar energy both as a 'thermal' source and as the 'fuel' for an 
electrical generator. For thermal conversion, solar radiation is collected most effectively 
when the collector is nor too hot with respect to the ambient air. On the other hand, the 
electricity generated from photovoltaics can best be used for functions, such as the blower 
work. 

The drier is sized to complete a cycle rapidly enough to avoid spoilage and to dry to proper 
moisture content for long term storage. If the drying needs should change, it is a simple 
matter to change the configuration of the drier to a larger or smaller size in order to dry a 
certain yield of rice. 

2.4 DESIGN CRITERIA 

Drying may be accomplished using a continuous or a batch type Operation. The former 
approach, which is often more rapid, commonly requires a higher capital investment in 
mechanical equipment. The latter approach is most common to the dtveioping regions 
surveyed thus far. 

Important factors in drier selection include daily capacity needs, budget limitations, and 
operators' aptitude, as well as, the potential of the system to damage the grain, thus 
impairing its possible use as seed. The drying of a single crop normally takes only a few 
weeks in a year, so a design which is adaptable to several crops is economically 
advantageous for the many farmers who have different crops. Also, a modular design 
which .allows system or component versatility can improve the economics: it would be 
useful if the photovoltaic array could be detached and used for water pumping, 
reefrigeration, and/or lighting, when not needed for drying. Other design criteria are: 

1) simple overall and component design to facilitate operation, maintenance, and- 
cleaning, 
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2) maximum use of readily available, low-cost parts, 

3) protection of foodstuffs from rain, rodents, insects, and particulate matter 
through the drying duration, 

4) indirect drying to ensure maximum vitamin retention in given foods [ 121, 

5 )  accommodation of variable quantities of material to be dried and, 

6)  segregation of the drying and grain storage areas to guard against self-ignition. 

A major bamer to the success of indirect dehydration implementation programs in rural 
communities has been the difficulty in replacing broken glazing (due to accident or 
vandalism) which results in an inoperable system. Our prototype design incorporates an 
unglazed thermal absorber/storage bed to circumvent this problem. The loss of efficiency 
may be offset by increased operating life. 

A paper by the USDA, SEA [13] showed that stirring of the grain was not needed to 
preserve the milling quality of rice even in deep-bed (7 feet) testing. 

Certain attributes and options assumed in the design of this system include portability for 
cooperative ownership, use by non-contiguous fanners, and careless craftsmanship during 
consnuctiodmanufacture. Also, the surface area to volume ratio was not maximized. 

, 
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3.0 DESIGN AND OPERATION 

The prototype drier is a wooden structure depicted in Figures 1,2, and3. The drying bin 
space houses two drying trays to S U ~ ~ O R  foodstuffs or cash crops on ASTM N0.18 mesh 
sieve. The space below the drying area houses the 12 volt DC fan but may also be used as 
an intermediate crop or dried product storage space. The solar energy collection and storage 
bed, located south (north in the southern hemisphere) of the drying and blower area 
contains 2 1/4" diameter stones (or, alternatively, burnt rice husks) as thermal storage 
media. 

The rock storage system retains the sun's heat which is transferred throughout the grain 
drier by convection. By varying the air supply system, the interior environment of the drier 
can be controlled; it is possible to maintain a relatively steady interior temperature while the 
ambient air temperature fluctuates by opening or closing specific dampers (see below). In 
fact, a smooth curve can be dram from this temperanue vs. time data. 

During daytime operation (charged operation) the two hinged covers of the thermal storage 
bin are open to allow direct absorption of solar insolation and to let the inlet air flow onto 
the face of the bed. Reflective surfaces on the covers allow one a x i s  adjustment to 
concentrate the solar flux. Dampers A and C are closed, and air from the warmed thermal 
mass surface is drawn into the grain bin area by the negative pressure created by the dual 
operation of the blower and ventilator. In this process, the air transfers some of its heat to 
the lower depths of the rock-bed and then, flows through damper B into a flexible hose 
connected to the blower. @amper A, in fact, could always be left open). 

Pressurized effluent air from the blower is introduced into the plenum below the movable 
drying trays through inlet D. The air is then exhausted through the rotary vent. 

At night, damper D and the covers are closed, and dampers A and C are opened allowing 
natural convection air flow through the storage bed directly into the plenum ma. Evening 
winds that rotate the rotary vent create a slight vacuum upstream to enhance the flow and 
conmbute to the drying at that time. 
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Figure 1. The Grain Drier Exterior Surface Design 
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Figure 2. The Grain Drier Damptr Locations 
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Figure 3. Detailed Inside View of the Grain Bin Area 
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3.1 GRAW DRXER SPECIFICATIONS 

The collector area, that is, the exposed rock-bed area, is 2.97 m2. In fact, this size was 
chosen to match a 4'x8' plywood board for the rock-bed cover doors to make it possible 
for the design group to construct an inexpensive prototype. (This rock-bed area was 
approximately one-third the size of the AIT drier, and therefore the rest of the grain drier 
became approximately one-third the size of the AIT design.) Our specifications and 
assumpdons are outlined below. 

For the daily average solar irradiance on a horizontal surface, I, the group used 14.3 
MJ/m2; this is the average for Boston in September [14J. For the ambient conditions, it 
was assumed that the temperature, To, was 30C, and the relative humidity, 01, was 60%. 
The plenum design dry bulb temperature, Tp, was taken to be 40C. 

According to Reference [ 151, for long-term storage of rice, the moisture content must be 
less than 12%. We took this to be the equilibrium moisture content, &. The recommended 
moisture content at harvest is between 20 and 26% [2]; this, therefore, was taken as the 
initial moisture content, Mo. If it is assumed that 95% of the moisture evaporates, leaving 
the moisture content of the rice, M, with a value of 12.4%, the drying time can be estimated 
from the following calculations. 

The maximum drying rate, dM/dt, at which a thin layer of grain will uansfer moisture to or 
from air is based on the assumption that the partial pressure of the water vapor in the grain 
is equal to the water vapor pressure in the drying air. This can thus be related to an 
equilibrium relative humidity (moisture equilibrium), given by [16]: 

dM -= -k(M - MJ dt 
The solution for M(t) is 

M = (& - &) exp(-kt) + I& 
where M = moisture content at time t, assumed to be 12.48, 

& = moisture content at t = 0, assumed to be 20% 
M, = equilibrium moisture content, taken to be 12%, and 
k = drying rate constant, assumed to be 0.1047 hour [ 17). 

Solving this for t , 

(3.1 1) 

(3.12) 

(3.13) 

Data fork for rice was not located at the preliminary design stage, and the group adopted as 
an approximanon an available experimental value of k for shelled corn, at a temperature of 
100.4F and a relative humidity of 50%. Since the drying rate constant, k, depends on 
temperature and moisture, and it varies among different grains of a given crop, the group 
suggests that, for later efforts, this constant be experimentally determined for the relevant 
grain and conditions. 
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3.2 DETERMINATiON OF RELATIVE HUMIDlTY 

Using a psychomemc chart (Figure 4) one can calculate the amount of air needed to dry 1 
kg of rice from an initial moisturc content of 20% (wet basis) to a final moisture content of 
12%. Referring to Figure 5 [18], if dryrng air at temperature TO and relative humidity 01 
reaches equilibrium with material at relative humidity pLr, the exhaust (effluent) air 
temperature will be Te. Thus, the moisture gained by each kilogram of drying air is the 
difference, Aw, in the humidity ratio between the air going in and the air going out, or Aw 
= (w2- wl) [19]. Given the ambient temperature, TO = 3OC, and humidity, 81 = 60%, the 
design plenum temperature, T , is 40C, and an assumed humidity ratio increase Aw of 
0.002 kg moisture per kg of & air, one finds from the psychrometric chart that the 
effluent air temperature, Te, is about 35C, with a relative humidity, 132. of about 55% 
P O I  

Figure 4. Psychrometric Chart of Normal Temperanuts [21] 
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Figure 5. Adiabatic Wetting of Air in a Drying Proctss 

According to Reference [22], the moisture, Q, to be removed from 1 kg of rice can be 
estimatedfmm 

Mo-M, 
*=100-M, (3.21) 

In this particular case, m, is the quantity of water that must be n m o v d  to go from an initial 
moisture content, Mo, of 2096, to a final moisture content, &, of 12% per kg of grain. 
Using these values, m, is 0.091 kg. One can calculate the heat, Q, required to remove 
0.091 kg of water by multiplying m, by the specific heat of vaporization for the grain, h 
P31. 
Again, a value of h for rice was not found in the literam, so the group used that of wheat 
at 12% moisrure content as an approximarion [24]. With this value of h (2.5 M J k g  vapor), 
one obtains Q = 0.23 MJkg rice. 

The total thermal energy, S, collected by a solar system [25] may be written as: 

S=IAI\ 

where I = daily average solar irradiance on the surface, 
A = m k - b d  collector m, and 
'q = efficiency of the system. 

(3.22) 

The absorptance of the rock-bed can be approximated by that of granite (about 40%). A 
computer model is being developed to simulate the heat transfer in the rock-bed and to 
estimate the losses to the environment. In order for the design and construction of the drier 

15 



i 

to proceed, the group assumed that half of the total absorbed energy will be lost by 
radiation, conduction, and convection. With this (admittedly rough) assumption, the total 
thermal energy collected on the 'design day' is estimated to be 8.5 Mf. 

The amount of rice that can be dried per day can be estimated by dividing the energy 
absorbed per day, S, by the energy required per kg of rice, Q; the result is 37.0 kg/day. 

The mass of water, m,, to be removed per day is obtained by multiplying 37.0 kg/day by 
m,. 

m,= 37 (kg rice/day) x 0.091 (kg waterkg rice) (3.23) 
= 3.4 kg of water. 

The total mass of dry air required, wa, is obtained by dividing m, by the humidity ratio 
increase Aw: 

&a = m,/Aw = 1700 kg.1261 (3.24) 

Finally, the total mass of ambient air, Mas, required at 30C and 60% relative humidity, is 
1724 kg, from the equation Ma, = &a * 1.014, where 1.014 is 0.014 kg wet air plus 1 kg 
dry air. We may make an estimate of how powerful a fan is needed to force 1724 kg of 
ambient air through the drier to reach a 12.2% moisture content. One can calculate the time 
required to reach this goal from Equation (3.13); neglecting night drying, the process will 
take 33 hours. 

I 

3.3 SIZING THE FAN 

Figure 6 [27] gives the pressure drop per foot of grain for several grains, in English units. 
We require 1724 kg of air in 33 hours, or 52.2 kg/hr. Using 1.774 kg/m3 as the density of 
air at 30C. this corresponds to a volume flow rate of 44.4 m3/hr, or 26.1 ft3/min. 

Dividing this volume flow rate by the area of the rice bed (12 ft2), one obtains 2.18 ft/min 
(or 2.18 cfrn/ft*). From Figure 6, for rough rice at 13% humidity, the pressure drop per 
foot depth is about 0.027 inches of water per foot depth of grain. For a 6 inch grain bed, 
the drop is thus about 0.014 inches of water, for an 8 inch bed, 0.018 inches. 

To calculate the total pressure drop through the drier, one also needs the drop through the 
rock-bed and the ducts, pipes, and manifolds. To account for the ducts, pipes, and losses 
due to expansions and contractions at the manifolds, a pressure drop of 1.0 inches water 
was assumed. For the rock-bed, the group calculated a pressure drop of 0.003 inches of 
water using an equation proposed by Dunkle and Ellul[28]: 

(3.3 1) 

where L is the depth of the bed (= 0.9 16 m); 
' G is the mass flow rate per unit area (= 0.02kg/m2-s); 
p is the air density (= 1.1774 kg/m3); 
Dp is the avenge rock or pebble diameter (= 0.0254 m); and 
p is the dynamic viscosity of the air (= 1.16*10-5 kg/m-s). 
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Thus, it appears that at the low flow rate required, the pressure drop across a bed made up 
of 1 inch diameter rocks is much smaller than the drop a m s s  the grain bed. 

Therefore, the total pressure drop, ApL for a 8 inch grain depth is 1.093 inches of water. 

Figure 6. Resistance of Grains and Seeds to Air Flow 1291 

The power required to drive the fan is the product of the total pressm drop and the volume 
flow rate, or 

P = (ApJVC 

where C = 7.055 * 10-3 kg-hr/ m* in H20 sec 
Apt= 1.1 in HZ0 
v=44.4m3/hr 

(3.32) 

resulting in P = 0.345 kg-m /s or 4.53 * 10-3 HP. Assuming an efficiency for the fan Of 
758, the required fan horsepower is estimated to be 0.006 HP. Finally, assuming that the 
motor efficiency is 70%. the power required to drive the motor is 0.009 HP, or 6.7 watts. 

3.4 PHOTOVOLTAICS POWER SPECIFICATION I 
The goal of the project is to determine the feasibility of powering the fan with a small 
photovoltaic panel; the panel and the fan constitute a compact 'medium technology' 
package which is valuable enough to constitute an industrial product and economical 
enough so that it is affordable to the small  agricultural producer. 
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As already noted, the theoretical estimated power required to drive the motor is about 7 
watts. This can be supplied by a very small photovoltaic panel. 

The actual fan was chosen from a mail order f a m  equipment supply house; it has the 
following specifications: 

Power required to operate the motor 
Operating Voltage 
Operating Current 
Power required to start the motor 
Starting Cumntt 

= 3.96 watts 
= 12.ov 
= 0.33 A 
= 6.0 watts 
= 0.5 A 

To power this fan, an Arc0 Solar PV module, Model No. M53 was selected. This module 
has an open circuit voltage, Voc = 21.7~.  and a short circuit current, Isc = 2.7 A, at a 
temperature of 25C and solar irradiance of 1000 W/m2 at noon. 
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4.0 CONSTRUCTION 

The grain drier is located at the Research Foundation at the University of Lowell. The 
cables for the monitoring sensors are run underground through a conduit, from the grain 
drier to the inside of a work trailer where the data acquisition system @AS) is located. 
(The DAS is discussed in a Section 5,). 

The solar grain drier was originally designed to meet the needs of a medium yield rice farm 
using the AIT design concept. However, due to budget and space considerations, the 
proposed design was reduced to approximately one-third the original design. 

4.1 MATERIALS FOR CONSTRUCTION 

The thermal storage area was designed according to the National Design Specifications 
(NDS) for timber [30] such that all section moduli were satisfied for bending, bearing, and 
shear. The sections under the rock storage bed had to support over one ton of rocks. 
Thus, eastern spruce pine fir, No. 2 grade, was selected as the construction matend since it 
will support the load and is locally available. The drier structure was designed to be self- 
supporting in order to make shipment easier. , 

The construction of the drier began in April 1987 and was completed in May 1987. Six 
students participated in its design and construction. It is possible to build the drier using 
simple tools. The main materials used for the frame work included nails per NDS, binges, 

. SCXWS, and 2x4's. 

4.2 SYSTEM COST 

The supplies were divided into two categories. First, there are the items relating to the drier 
and rock-bed. These are chosen to satisfy local conditions. In this case, the supplies used 
were readily available in New England. For driers built elsewhere, the drier structure 
should be built using locally available materials such as adobe, bamboo, tin, etc. The 
following list shows the cost of materials used for constructing the drier and rock-bed 
storage bin. 

1.) Drier and rock-bed 

a) Frame: 2"x 4"x 8' wood: 150 pc. 

b) Siding: 4'x 8' plywood: 300 ft2 
(5/8" ext. CDX) 

c) Insulation (R-16): Dow 2"x2'x8' : 
(170 ft2 for retrofit) 

d) Clear Plastic Sheeting: 4 mil 8'x50 (for a water barrier) 

e). Aluminum Flashing: 10 fi* 

f) Insulated Flexible Duct: 3'x3" dia. 

$200.00 

$160.00 

$132.00 

$6.00 

$9.00 

$15.00 

$100.00 - g) 2 1/4" dia. Rock 
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h) 12" Rotary Vent and Adjustable Base 

Solar Thennal Grain Drier SUBTOTAL: $652.00 

The second category is the 'hi-tech' package in the drier, i.e., the PV and blower. The 
calculated costs for these were as follows: 

2.) PV and Blower 

a) Chronar Tri-Solar PV Array (40W) 

b) Blower Assembly (22W brushless 12V. DC M 

High-Tech Package 

$370.00 

tor & Fan (1/35 HP)) $30,OQ 

SUBTOTAL: W00.OQ 

TOTAL: $1,052.O0 
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5.0 THE GRAIN DRIER DATA ACQUISITION SYSTEM 

The technical and economic feasibility of the grain drier needs to be justified by studying 
the drying rate obtained from the actual test results and the resulting energy savings. In 
order to achieve better system performance, the system components, such as rock-bed 
storage and blower, need to be varied and tested. Later, varied parameters can be used 
with a simulation routine to compare system performance with actual data results. 
Therefore, a data acquisition system was incorporated in the design to collect the data 
automatically and store it in a database with access to external sources, such as a simulation 
program.or a spreadsheet. 

5.1 SYSTEM DESCRIPTION 

The Grain Drier Data Acquisition System @AS) was developed by the 1987-1988 research 
project team in order to test the grain drier system performance. An analysis of the 
performance of the drier requires data, such as: insolation, temperature, voltage, and 
current. This data was collected for all parameter variations of the grain drier. 

Thermocouples were placed within the grain drier to monitor temperatures. The PV array 
voltage (mv) was measured directly, but the array current (amp) was measured with a shunt 
resistor. This data is collected by a Fluke 2240B Data Logger which transmits the 
information to a 300D Colombia Data Cartridge Recorder (CDR) where the data is then 
stored on a magnetic tape. 

This tape can be taken from the site to the office where an IBM-compatible PC takes the 
data from another CDR and reads it into a new file. This new file is an ASCII file which 
can be used with a spreadsheet package (Symphony or Lotus 1,2,3) to manipulate the data 
and create graphs. 
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Figure 7. The Grain Drier Sensor Diagram to Fluke 2240B 
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5.2 THE SYSTEM INTERFACES 

There m three system interfaces associated with the DAS: grain drier to Fluke, Fluke to 
tape, and tape to computer. 

The grain drier to Fluke interface includes 21 sensors which monitor temperature, 
irradiance, current, and voltage. There are 17 thermocouples located in the upper and 
lower trays of the grain drier and an additional one on the outside of the work aailer which 
measures the ambient temperature. The Fluke also monitors the voltage and current 
readings. associated with the PV at the fan, and the irradiance from a pyranometer located 
on the roof of the grain drier (Figure 7). 

The interface between the Fluke and the data m e  recorder CDR) is a RS-232 cable 
connection. Figure 8 depicts the wiring diagram'for the connection between the Fluke 
2240B and the 300D CDR. 

FLUKE 22406 TAPE RECORDER 

4 b  5 

7-7 

Pin 1 : Protective Ground 
Pin 2 : TransrnittedData 
Pin 4 : RequesttoSend 
Pin 5 : Clear to Send 
Pin 6 : Data Set Ready 
Pin 7 : SQnalGround 
Pin 8 : Received Line Signal Detector 
Pin 20 : Data Terminal Ready 

Pin 1 : Protective Ground 
Pin 2 : Transmitted Data (Input) 
Pin 4 : RequesttoSend 
Pin 5 : Clear to Send 
Pin 6 : Data Set Ready 
Pin 7 : SignalGround 
Pin 8 : Data Camer Detector 
Pin 20 : Data Terminal Ready 

Figure 8. RS-232 interface Wiring Diagram from the Fluke 2240B to the CDR 300D 

The Fluke sends data through a RS-232 port, over the cable, to the CDR. The CDR 
receives a Write command and records the data on a magnetic tape. Later, this tape gets 
transferred to another CDR which then reads the data into the PC; this is the third system 
interface (Figures. 9a & 9b). A computer program on the PC stons the data in an ASCII 
file which, as already mentioned, can be used with a spreadsheet package to mate  graphs. 

All instrumentation and data acquisition system equipment was installed and calibrated in 
accordance with operator manual specifications. Particular care must be used when 
calibrating the Fluke and thermocouples because they are sensitive. Operation and 
maintenance procedures must be followed as stated in the equipment manuals to ensure 
proper monitoring and transfer of data. 
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Pin 1 : Protective Ground 
Pin 3 : Received Data (output) 
Pin 4 : Request to Send 
Pin 5 : Clear to Send 
Pin 6 : Data Set Ready 
Pin 7 : Sgnal Ground 
Pin 8 : Data Carrier Detector 
Pin 20 : Data Terminal Ready 

Pin 1 : Protective Ground 
Pin 3 : Received Data 
Pin 4 : Request to Send 
Pin 5 : Clear to Send 
Pin 6 : Data Set Ready 
Pin 7 : Signal Ground 
Pin 8 : Data Carrier Detector 
Pin20: Data Terminal Ready 

(b.) RS-232C Wiring Diagram 

Figure 9. The Fluke 2240B and PC Interface to the CDR 
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6.0 OPERATION AND PRELIMINARY RESULTS - 
Ultimately, the goal of the grain drier is to provide a relatively hot and dry constant air flow 
through the trays in order to dry the grain with minimal losses due to spoilage or cracking. 
Consequently, the rock-bed storage should provide thermal energy to heat the air during 
nighttime operation and undesirable weather conditions. 

Several field tests were conducted on the thermocouples to check their sensitivity to 
temperature changes. The irradiance, PV power output, and temperatures of the rock-bed 
and trays were recorded by the DAS every half hour. The relative humidity of the air, air 
velocity output at the fan, and pressure drops through the rrays were recorded manually 
every half hour on certain days of operation. Analyses of these data and design 
modifications are presented in the following sections. 

6.1 SUMMARY OF OBSERVATIONS FOR MAY 12TH - MAY 15TH 

Refer to Appendix A. 
' The solar grain drier was operated continuously for several days before any data or 

observations were taken in order to condition the rock-bed. 

The maximum temperature that the rock-bed reached during the preliminary operation was 
31.X at node #2 at 3:OO pm on May 13. The ambient air reached a maximum of.27.5C at 
2:OO pm that day, while the surface temperature of the rocks was not recorded. 

As sunlight strikes the grain drier, the rock-bed heats up. The rocks at the top of the bed, 
where the solar energy is incident, warm up before those deeper in the bed. Thus, it is no 
surprise to note that the temperature readings from nodes #1, #2, and #3 (Figure lo) differ 
over the same time interval, and that the charging rate of node #2 is greater than that of 
node #3. 

o# ' 
fi# 3 

1 U I 

Figure 10. Rock-bed Node Locations 

The heat transfer which occurs at node #2 is of a dual nature. The thermal energy which is 
stored in the rock-bed at node #2 can be transferred to node #3, as well as, back to the 
ambient air. Ideally, the heat transfer back to air should be minimized so that all the thermal 
energy is passed on, ultimately, to the air within the grain drier. 
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The temperature curves for rock-bed nodes #1 and #2 show a similar pattern although, on 
the average, the temperature of node #1 is 3.5C lower than that of node #2. They both 
reached maximum temperature at 4:OO pm (May 13 & 14) and minimum temperature at 
about 8:OO am. The large fluctuations in the curves indicate heat losses. These losses may 
be due to natural convection to the air, conduction to node #3, and infiltration. 

The temperature curve for node #3 shows much smaller and smoother fluctuations. During 
nighttime operation, the temperature at node #3 is higher and much more stable than for 
either nodes #1 or #2. It is also interesting to note the time delay between nodes #1 & #2 
and node #3: node #3 reaches the maximum temperature at about 6:OO pm, 2 hours later 
than nodes #1 & #2. This suggests the conduction of heat from nodes #1 & #2 to node #3, 
as well as, the lower heat losses at node #3 (Le. better thermal storage). 

The temperature of the air within the g a i n  drier (hot air) is a function of the entire rock- 
bed, the ambient air, and the solar radiation. It is this hot air which passes through the 
rock-bed into the drying bin and up through the trays. The similar pattern of temperature 
curves for the ambient temperature, the hot air, and the trays (upper and lower) is notable. 
In general, the lower tray is slightly (0.5-1C) warmer than the upper tray, and the hot air is 
at the highest temperature while the ambient air is at the lowest temperature. 

This indicates the large effect the ambient air has on the hot air and tray temperatures. It 
also demonstrates the conduction of heat from the rock-bed to the hot air. Unfortunately, 
there is not much heat given off from the rock-bed to the hot air during nighttime operation. 
Consequently the hot air and tray temperature curves show oscillatory behavior (higher 
temperatures during the day, lower at night). Ideally, a straight and smooth curve would 
represent the hot air and tray curves; this is the primary goal of the grain drier. 

6.2 TROUBLE SHOOTING 

After observing the operation of the drier for several days, i t  was noted that during 
nighttime operation the hot air and tray temperatures remained lower than the rock-bed 
temperature. This may be due, in part, to conductive heat losses through the rock-bed; 
thus, a more uniform rock-bed which allows freer air passage should improve the 
efficiency of the system. It may also be due to air infiltration into the drier; this could be 
prevented by the addition of insulation to the top cover and on the sides of the rock-bed 
storage bin. 
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7.0 DESIGN MODIFICATIONS AND RESULTS 

The observations mentioned in the previous section point to the need to modify the rock- 
bed storage area. There are many ways of improving the rock-bed storage. If the desired 
results are not achieved from these modifications, air flow-rate performance will need to be 
improved through technical design changes. In all modifications, initial cost of the rock- 
bed storage system must be considered for economic feasibility in each locality. 

Modifications are to be as foIlows: 

1) First Modification 
To prevent Xilaation 
To provide uniform air flow and free air passage 
To improve energy usage 
To take more temperature readings from the rock-bed to study the heat 
transfer process; 

2) Second Modification 
To prevent heat loss through the walls and top covers; 

3) Third Modification 
To improve the thermal efficiency. 

7.1 MODIFICATIONS TO THE GRAIN DRIER ROCK-BED STORAGE 

1) The first modification was to prevent infiltration due to air leakage through the walls 
and around the door frames. To solve this problem, heavy strap hinges were added to each 
side of the top cover doors and a l"x2"x8' No. 3 grade piece of pine plywood was attached 
underneath the doors. Air leakage through the gaps between the top cover doors and frame 
were treated with weather stripping; any cracks located at joints of the rock-bed storage bin 
were filled with silicone caulking. In general, all previous workmanship was carefully 
inspecred and altered to improve construction quality. 

2) The second necessary modification was to provide an uniform air flow and free air 
passage through the rock-bed. In order to achieve reasonable air dismbution, the rock-bed 
was refilled to provide a larger surface m a  to reduce the exit air velocity. It is hwrtant tO 
maintain thermal stratification in the rock-bed, as this is critical to the nighttime drying 
operation. 

The rock-bed was changed to the configuration shown in Figure 11. The requirements and 
limitations for these modifications were as follows: 

1) Requirements 
Maximum bed face for more uniform air flow through the rock-bed 
Maintaining the thermal storage capacity of the rock-bed 
Obtaining one dimensional air flow sections; 

2). Limitations 
Limited volume of the rock-bed Din. 
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Figure 11. Modified Rock-bed Storage Bin: Thermocouple Locations 

The configuration shows 31 inches of the lower bed face placed at an angle of about 16 
degrees, which is almost equivalent to the rock-bed surface angle. All the rocks were 
utilized to obtain one dimensional air flow with maximized bed face. The bottom bed face 
is about one third of the rock-bed surface. This divides the rock-bed into three different 
zones with different characteristics. The upper right-hand si& of the rock-bed, zone III, is 
dependent on heat transfer by forced convection. In the middle region, zone 11, heat 
transfer is mostly by conduction. The front side, zone I, depends on conductive hear 
transfer. Higher rock-bed temperatures ~JE expected where forced convection heat transfer 
is dominant. Thus, there should be good thermal stratification in the rock-bed. 

3) The third modification aims at facilitating air flow through the rock-bed. Nighttime 
drying requires that the rock-bed storage area store the heat from the sun and use it at night 
and during poor weather conditions. Sufficient thermal stratification in the rock-bed is 
necessary because heat transfer at night is by natural convection. Thus, the rocks were 
removed from the storage area, dust and other particulate matter cleaned out, and then the 
area was uniformly refdled. In addition, the inlet and outlet manifolds above the bottom 
floor of the rock-bed were enlarged 1 1/2 inches; the inlet was increased 10-208 and the 
outlet 60%. The inlet manifold was also lowered 3 1/2 inches so that the cooler ambient air 
would have to flow through more rock-bed and would thus pick up more heat energy from 
the rock-bed storage. 

The rock-bed storage chamber originally had 3 inches of air space between the top cover 
doors and rock-bed surface. This was a major conmbutor to air leakage and inefficient use 
of solar energy. Consequently, insulation was added onto the back of the cover doors, and 
along the sides of the walls in the rock-bed. 

4) To better understand the operation of the grain drier, it was deemed important to 
provide more temperature readings from the rock-bed. This was done by taking six 
thermocouples, numbered 1 through 6, and placing them at six different nodes in the newly 
modified rock-bed configuration. As shown in Figure 11, there are three different heat 
transfer zones in the rock-bed storage. Thermocouple #1 is located in a zone where heat 
transfer by conduction is dominant, and thermocouples #2 & #3 are located where heat 
transfer by conduction and convection occurs, and thermocouples #4, #5,  & #6 are located 
in the zone where convective heat aansfer is dominant. The distance between #6 & #5, and 
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#5 & #4 is 7 1/2 inches. Temperature differences can now be compared in the different 
heat transfer zones, as well as, in the different nodal locations. 

5 )  A drain hole was added to the rock-bed for moisture protection. The floor of the 
rock-bed bin showed a slight downward slope to its inner side where moisture could 
collect. Two 3/4"x6" nipples were placed on both sides of the bin, with caps to keep the 
air from flowing in from the outside. When the caps are taken off, a free air passage is 
provided to allow for drainage of any collected moisture in the rock-bed. 

(The extra costs of the above retrofit changes needed to modify the rock-bed storage of the 
grain drier amounted to approximately $5 1 .OO.) 

7.2 OBSERVATIONS A F E R  FIRST MODIFICATIONS (JULY 7TH - JULY 11TH) 

During the 5 days of operation, the maximum temperature achieved in the rock-bed 
occurred on the second day (July 8) of operation at 4:OO pm; the temperature at node #4 
was 47.4C while the surface temperature of the rock-bed was about 47C. The surface 
temperature of the rock-bed reached a maximum of 52C that day at 2:25 pm, and the 
ambient air reached a maximum of 36.2C at 2:OO pm. 

Refer to Appendix B. 
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The aforementioned modifications improved the performance of the grain drier during 
nighttime operation. The hot air temperature was an average of 7.5C higher than the 
ambient air temperature during the night. It was also 2.5C higher than the ambient air at 
8:30 am on the second day of operation. This indicates that the heat stored during the 
previous day can be utilized the next morning. 

During daytime operation it is evident that the temperature of the rock-bed at the nodes 
closest to the outer surface (#l, #2, & #4, Figure 11) rises rapidly, while the temperature at 
the inner nodes (#3, #5, & #6, Figure 11) rises at a relatively slower rate. Of the latter 
nodes, node #5 shows the sharpest temperature profile and node #3 the least fluctuation. 
Considering the geometry of the rock-bed bin, the temperature profdes appear reasonable. 

Nighttime operation shows a similar pattern. The temperature drops at a faster rate at nodes 
#1, #2, & #4 than at nodes #3, #5, & #6. The temperature drop at node #1 is most rapid 
because the air inlet damper is closest to node #l. In normal operation, the cooler ambient 
air enters the rock-bed bin at node #l where heat is conducted from the rocks at nude #1 to 
the air. As the air is convected to nodes #2 & #4 it is further heated. There is very little 
convective heat transfer from the other nodes; the temperature profiles at nodes #3, #5, & 
#6 vary only slightly. Thus, natural convective heat transfer occurs primarily in the top 
layer of the rock-bed. 

It would appear that the hot air temperature is mainly affected by the rock-bed temperature 
at node #6 during the day. The fluctuation of the bottom tray temperature seems to follow 
the hot air temperature, rather than the ambient temperature, during both daytime and 
nighttime operation. On the average, the bottom tray temperature was 6 . X  higher than the 
ambient air, and the upper tray temperature was 4C higher than the nighttime ambient air 
temperature. During daytime operation, however, the upper tray temperature was on the 
average 2.5C above the bottom my temperature because of the heat gained through the roof 
of the drier. 
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LOCATION 
Peak Ambient Temp.(C) 
Rock-Bed Temp (C) 
Tray Temp (C) 

Upper 
Lower . 

Hot Air Temp (C) 

In summary, the daytime tray temperatures fluctuate with the hot air temperature; they are 
also slightly affected by irradiance and ambient air temperature. The bottom tray 
temperature was slightly above (-1C) the hot air temperature while the upper tray was 
about 3C above the hot air temperature because the sun heats the roof of the grain drier. At 
night, however, the bottom tray temperature was slightly below (-lC) the hot air 
temperature while the upper tray was about 3C below the hot air temperature. 

Origiindl 
DAY 1 NIGHT 
27.5 
31.0 

30.0 
28.0 
27.5 

It appears that the frst round of modifications (Table 3) improved the natural convective 
heat transfer in the grain drier. The tray temperatures are now affected, primarily, by the 
hot air temperature, not the ambient air temperature. 

Table 3. Comparison of Temperatures Due to Modifications 

15.7 
13.0 
13.2 

After Modifications 
DAY i NIGHT 

46.4 

42.0 
39.5 
39.0 

26.0 
28.5 
29.0 
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7.3 SUGGESTED MODIFICATIONS 

The next round of modifications are needed to enhance natural convection. Although the 
hot air temperature fluctuated less after the first round of changes, it is still necessary to 
increase the natural air flow through the rock-bed. In order to achieve this, the following 
changes are suggested: 

1) To open the drain holes (See Section 7.1, modification #5)  to allow for 
drainage of moisture collected in the rock-bed storage area; 

2) To place perforated copper pipes in the rock-bed to enhance heat transfer; 

3) Toadd insulation in the chamber. 

The last modification is a necessity since the temperature profiles show significant 
differences between the upper and lower nays in the drying chamber. It is evident that the 
tray temperatures were affected by the ambient conditions; this is undesirable. It appears 
that heat is lost through the walls at night and then regained through the roof and walls Of 
the upper drying chamber during the day; more insulation will help. 

If the performance of the grain drier is not improved satisfactorily by the above changes 
then more sophisticated modifications m a y  be needed, such as glazing, adding reflector or 
black coating materials to the rock-bed, or in some way controlling the amount of air 
flowing through the rock-bed. Of these options, black coating painted on the rocks would 
be the simplest. Any changes to the rock-bed should be inpoduccd one at a time, since the 
grain drier should be kept economically and technically simple. 
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8.0 FUTUREWORK 

Now that the design of the g a i n  drier has been implemented, the next logical step is to test 
the design to see how it functions and what enhancements are needed for optimum results. 

The first experiments were performed using rice as the product of interest. Other 
experiments could be done using other products. Comparison of these data would give 
information as to how the drier should be modified for different crops. 

Computer programs can also be used to estimate the performance of the drier. A routine 
could be written to simulate heat transfer through the rock-bed, or heat transfer through the 
drying trays, or the change in the moisture content of air in the drying chamber, etc. A 
simulation routine allows variation of system parameters (e.g. grain depth, rock-bed depth, 
diameter of the rocks, air flow-rate, etc.). Thus, it is easy to see which enhance the 
performance of the drier. It would then be necessary to examine the feasibility of these 
changes. 

All assumptions and equations should be rechecked for accuracy and reliability. Such 
constants as k, the drying rate constant, should be calculated experimentally for rice (or the 
grain of interest) instead of using the value for another grain. The humidity ratio, Aw, 
should be optimized with respect to other dependent variables. Additionally, the drying 
rate and final moisture content should be calculated for deeper grain depths. 

An economic study must be performed on the grain drier as a function of life-cycle cost, 
component sell-back price, cost of grain saved, interest rate, labor saved, and capital cost. 
Once this study is performed, the market-potential of the grain drier needs to be examined. 
A marketing study which addresses possible needs and users, locations of interest, and 
recommended strategies for marketing the solar grain drier should also be done. 

Finally, it is desirable to provide a solar drier which can be adapted to various kinds of 
crops or even other types of foods. The more rational approach to marketing a solar drier 
is to market it as a "generic" type of drier which can meet different drying needs. This may 
require minor modifications to the prototype design presented in this paper. Any 
modifications, however, should be simple and inexpensive. An inexpensive, technically 
competent, effective, and easy-to-use solar drier will appeal to developing nations. 
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APPENDIX A 

Grain Drier Performance Before Modifications (MAY 12 - MAY 15) 
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APPENDIX B 

Grain Drict perfarmance After Modifications (JULY 7 - JULY 11) 
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