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AGRICULTURAL PROGRAMp FOR SOLAR ENERGY 

by 

Landy B. Altman 
Energy Research Coordinator 

USDA, ARS 
Beltsville, Maryland 

The U. S. agricultural system.was developed with abundant supplies of low-cost 
energy which accounted for only a small fraction of the cost of supplying food, 
fiber, and wood products. Demands for energy are rapidly outstripping supply, 
and we can expect energy costs and availability to be significant factors in the 
future. llbout 20 pel'cen'L of Lin:! Luta.l energy used in the United States is related 
to the production, processing, marketing, distribution, and utilization of food, 
natural fiber, and forest products. As population increases both in the U.S. and 
abroad, the demand for these products will increase and hence increase the demand 
for energy. 

The Congress established the Energy Research and Development Administration (ERDA) 
as the lead Federal agency responsible for energy·research, development and demon­
stration. Arrangements were made with ERDA for the Department of Agriculture to 
manage research on agricultural applications of solar energy. The Agricultural 
Research Service (ARS) was selected to be the agency primarily responsible for 
the program but with cooperation from· the Cooperative State Research Service and, 
through them, with State Agricultural Experiment Stations. The conference today 
is to report the results from one of the five areas of research supported by this 
pr•ogr·am. Table 1 lis'l:s the five areas and the nwnber of projects funded in each 
area· in 1977. 

Table 1. Research on Agricultural Applications of Solar Energy 

Research Area 

Solar Grain Drying 

Application of Solar Energy for the 
Drying of Crops Other than Grain 

Use of Solar Energy in Livestock 
Production 

Solar Heating and Cooling of Green­
houses and Rural Residences 

Solar Energy in Food Pro.cessing 

Total 

Nwnber of 

15 

8 

11 

10 

6 

so 

Projects 

Of the above projects, 36 are at State Agricultural Experiment Stations, 11 in 
ARS laboratories, 2 in university laboratories, and 1 in an industry laboratory. 

Other solar energy research.with agricultural implications is underway but is 
not part of this program. ERDA has passed through to ARS funds to support 
research on rural and remote applications of wind energy. Agricultural and 
forest products and residues are solar in origin and research on their use for 
the production of energy is underway. Three experimental irrigation systems, one 



uses photovoltaic cells and an electric motor and two use concentrating collectors 
and heat engines, will be in operation this summer. 

A film called "Sunpower for Farms" was made by the USDA Film Production Unit in 
cooperation with ERDA. It gives a quick overview of the research on agricultural 
applications of solar energy and should set the stage for the Solar Crop Drying 
Conference. 
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SOLAR ENERGY RESEARCH FOR PEANUTS, FORAGE AND TOBACCO 
./ . ' . 

by 

James L. Butler 
Principal Investigator, Crop Drying 

USDA, ARS 
Coastal Plain Experiment Station 

Tifton, Georgia 

The drying of peanuts, forage aud tobacco requires substantial amounts of· fossil 
fuel energy. Tobacco is second only to grain in the total energy required for 
drying and curing. Even though tobaccu i::; a nun-fuod crop, 11: is a high va.Lue 
crop and an important export crop. Peanuts are a valuable source of protein and 
oil. They require that the moisture be removed at the rate of about one-half 
percentage point per hour, from the time of digging, until a moisture content of 
10 percent or less is reached. After a short exposure time in the windrow, the 
peanuts are harvested and the·drying and curing is completed mechanically, using 
large quantities of LP gas. The increasing demand for a high quality forage, 
coupled with large round bales and small stacks of hay, has re-kindled interest 
in controlled drying of hay. The forage dehydration industry is also faced with 
the non-availability of fuel for producirig the dehydrated product widely used as 
a feed additive. 

It is estimated that the three crops mentioned above require the equivalent of 
more than 400 million gallons of LP gas annually. Fortunately, from the viewpoint 
of oolar energy application, they r•equire dr'Y ing energy eit:her in the summer or 
very early fall. Collectors used to supply heat energy to the crops for drying 
would thus be available to supply heat for heating for human or animal comfort, or 
for greenhouse production during the winter months. 

The ERDA-ARS sponsored research on the application of solar energy to the drying 
of peanuts, forage and tobacco was initiated July 1, 1975. 

Currently research is being conducted at eight locations. One of these is new 
this year, replacing the research on dessicants which is now funded directly by 
ERDA. Three projects are conducting research on tobacco, two on peanuts, two 
on forage and one on the development of solar energy" collectors and storage units 
for agricultural applications. State Agricultural Experiment Stations are 
conducting five projects, USDA laboratories two projects and a state engineering 
experiment station is conducting one. 
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DESICCANT AS DRYING AGENT/HEAT STORAGE MEDIA 

•I 

ABSTRACT 

FOR CROP DRYING BY SOLAR ENERGY* . . 

by 

S.M ... 'Ko and P. 0. McCormick 
Lockheed Missiles & Space Company, Inc. 

Huntsville, Alabama 35807 

~. 

Thi::; paper reviews candidate desiccants that may be used in crop drying facili­
ties,· ui:Scuss·es conccpto for drying crops w1th the <.'les1ccaull::l ct.uu !Jl !=~ci"1tS1proe­
ess flow diagrams for promising concepts. Both solid and liquid desiccants were 
considered for use in crop drying systems. Desiccants were reviewed relative 
to their ther.mal properties, affinity for water vapor, regeneration temperatures, 
toxicity, corrosion properties, stability, and costs. Solar· energy was .considereu 
as the prime energy source for regenerating the desiccants. The investigation 
x-evealed that liquid desiccants are particularly applicable to solar systems since 
they can be pumped through the collector and can be regenerated at lower temp­
eratures than the solid desiccants. In addition, the use of liquid desiccants 
allows the adaption of an efficient energy recovery and use methods that are ca~­
able of achieving energy savings of up to 50% over a conventional heated~air dry-: 
ing system. 

INTRODUCTION 

The United States produces large volumes of crops for food and livestock feed 
every year. The estimated total production of major agricultural crops in 1974 
is over 10 billion bushy~ (Ref. 1). Drying these crops requires an annual energy 
expenditure of over 10 Btu (Ref. Z). l . 

The energy req1.1i rements for crop drying is substantial and, in view of dwindling 
fossil fuel energy sources, concepts for conserving energy expenditures for croF 
drying are desirable. A review of the manner in which conventional crop drying 
equipment operate;s reveals a way in which energy savings may be achieved. 
Conventional crop drying equipment dries crops in an open loop cycle wherein 
air is heated to 'decrease the relative humidity of the air and then drives the heat­
ed, low humidity air through the crop where moisture is absorbed from the crop. 
The air is then expended to the atmosphere and carries with it the energy used 
to vaporize moisture in the crop and that used to increase air temperature. Pro 
blerns associated with this conventional approach are: (1) it is very difficult to 
control both temperature and relative humidity of the drying air, and (Z) a signi~ 
ficant amount of energy is lost from the system in the hot air that carries the 
moisture from the system. 

One approach to solving these problems is to use desiccants for removing the 
moisture from the drying air in a closed system. The crop drying scheme pre­
sented in this paper uses desiccants in conjunction with a closed loop drying 
cycle to reclaim the energy expended in vap~rizing moisture in haryested _ 
crops. In the closed loop cycle, the drying air is brought into contact' with a 
desiq:ant after it exits the crop drying bin. Water vapor in the moist air is 
absq;rbed by the desiccant, thus reducing the relative humidity of the air. The 
a~r is then heated and returned to the crop bin. The used desiccant:is hea~ed 
(either fossil or solar energy heat sources may be used) and regenerated at high 

* SponRored by USDA/ERDA under Contract USDA-1 Z-14-7001- 817. 
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temperature, driving water vapor from the desiccant. This water vapor ·is con­
densed and used to preheat the dilute (wet) desiccant before heat is added from 
the external source (fossil or solar). The latent heat of vaporization of the mois­
ture removed from the desiccant is "reclaimed" in this manner. Also, closed 
cycle operation implies that no net energy is expended in heating drying air. 
Another advantage of the desiccant crop drying is that the relative humidity of 
drying air can be controlled independently as required for specific applications. 

In practice, all of the energy used in regeneration cannot be reclaimed by the 
desiccant without an eventual increase in temperature of the regenerated desic­
cant and a corresponding increase in sensible energy stored. This sensible 
energy can be put to use in crop drying quite easily since it is-available at a 
temperature well above the drying temperature. 

DRYING REQUIREMENTS 

Moisture is removed from crops in order to achieve safe storage. Excessive 
moisture content .int crops causes the growth of molds and attracts insects. 
Approximately 5 to 8 % loss occurs from the spoilage (Ref. 3). The moisture 
content of crops during harvest is typically 20 to 35% and the moisture content 
for safe storage is in the range of 10 to 13% (Ref. 1) for several selected crops. 
This means that typically 50o/o of the moisture contained in the crop when harves­
ted must be ·removed to meet the safe storage requirement. 

Various parameters influence the dryi.ng process. These include air relative 
humidity; air .temperature, air flow rate, initial moisture content, and final 
moisture •.content. Among these parameters, the most important is the relative 
humidity of air used in the drying process. The relative humidity of the inlet 
air to the drying bin must be lower than the equilibrium relative humidity of the 
crop at its final moisture content (required safe storage moisture content) to 
be achieved by the process. In other words, the equilibrium moisture content 
(EMC) of the crop at the inlet air condition must be lower than the desired final 
moisture content of the crop. EMC is defined as the moisture content of a crop 
after it has been exposed to a particular environment for an infinitely long period 
of time (ReL 5) . .F'or most crops, the EMC is lower than the safe storage mois­
ture content for 35 to 45% relative humidity air. Therefore, a drying system 
must be capable of delivering 35 to 45% relative humidity to dry a crop to a safe 
storage moisture content. 

The drying temperature is also an important parameter. In a conventional sys­
tem, ambient air is heated to suppress the relative humidity to the required 
level. However, the drying air temperature must be kept below a certain maxi­
mum depending on the type of crop and the intended uses of the crop to prevent 
the crop from quality deterioration due to breakage, stress cracking, and possi­
ble discoloration (Ref. 4). At higher temperature (lower relative humidity), the 
drying time required is shorter, and this is the reason for using high tempera­
ture when the intended use of the crop is for animal feed. The drying tempera­
ture range for conventional crop drying is 90 to 180 F (Ref. 3), and this corres­
ponds to relative humidity of 60 to 10%. High drying temperature is neither 
required nor desirable when the relative humidity and the temperature of drying 
air can be independently controlled. The effect of the drying temperature on the 
drying rate is relatively small. The reason for this is drying temperature has 
only a small effect on EMC. 

. ... 
Heating air· in conventional crop drying systems assures that the relative humid­
ity of the air will be low enough to remove the moisture from the crop. How­
ever, the ene.rgy .required to rem.ove the m.oisture from the crop is usually about 
half the total energy required for drying. Based on theoretical estimates, the 
heat of desorption of moisture from a crop ranges from 1030 to 1400 Btu/lb of 
moisture dried depending on the type and the moisture content of the crop.! This 
is 30 to 400 Btu/lb of inoi·sture higher than the heat vaporization pure water. In 
actual field use, conventional crop drying equipment requires 2200 Btu to remove 
1 lb of water from a crop (Refs. 6 and 7). 

The closed cycle dehumidification system using desiccants presented in this 
paper is operated at lower drving temperature than that of conventional open 
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cycle driers because heating is n()t necessary to control the relative humidity. 
Drying crops at low temperature has a number of inherent advantages. It is de­
sirable to avoid damage to the crop as a result of thermal stresses both during 
the drying process as well as during cooling of the crop at the conclusion of dry­
ing. Also, the thermal losses are reduced when the temperatures throughout the 
drying equipment are maintained at low temperature. Furthermore, low temper.- .. 
ture drying is mandatory for more delicate crops such as peanuts, rice, tobacco 
and various seed crops to preserve quality of the dried product. ·These crops are 
considered relatively difficult and expensive to dry in a conventional dryer, and 
thus are particularly suited for the regenerated desiccant crop drying system 
discussed in this paper. 

DESICCANTS 

Desiccants are hygroscopic· chemical substances that have large affinity for water. 
Although desiccants remove water by a variety of mechanisms, the action of 
many desiccants may be understood in terms of water vapor partial press~re. 
Due to- the difference in the partial pressure of water vapor in the desiccant and 
tho material to bo driod, · •.vator •.vill diffuoo from tho ma.toria.l boing driod to the 
desiccant until a dynamic equilibrium is reached. This occurs when the two sub­
stances attain the same partial pressure of water. At this point no net transfer 
of water takes place. The performance of the desiccant may be evaluated in 
terms of efficiency and' capacity that are defined as follows. Drying efficiency is 
the fraction of total water input that the desiccant removes. Drying capacity is 
the quantity of water that a unit mass of desiccant can take up before losing dry­
ing efficiency (Ref. 8). 

A typical isothermal regenerative desiccant drying cycle is illustrated in Fig. 1. 
The figure shows the basic relationships of the water vapor partial pressures in 
the desiccant at various points in the drying cycle. 

!
Heat Addition 
{to pessicant) 

Concentration of Water 1n Desiccant 

Fig. l - Partial Pressure of Water Vapor vs Concentration of Water 
Vapor in the Desiccant (Isothermal Operation) 
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Four unit processes are shown on the vapor pressure versus desiccant concentra­
tion diagram. Process A- B represents the drying process in which concentration 
of water in the desiccant and the vapor pressure of water increase as the drying 
capacity of the desiccant is used. Heat is added in process B-C to increase the. 
vapor pressure in the desiccant. Process C-D represents the regeneration pro· 
cess in which water is driven out of the desiccant. The desiccant is cooled in 
process D-A to suppress the equilibrium vapor pressure of the desiccant in "order 
to restore drying capacity. 

Drying rate cannot be determined from the figure, which presents equilibrium . 
data only. Drying rate is too complex for exact and concise quantitative treat­
ment. However, existing commercial practice in the design of absorption towers, 
solid desiccant beds, and crop drying equipment may be relied upon to furnish 
estimates of drying rates. 

Classification 

Desiccants may be classified in two groups: soluble liquid or solid desiccants, 
and insoluble solid desiccants. Desi.ccants may also be classified into five class­
es by chemical reactions involved in the drying process (Ref. 9) as shown in 
Table 1: 

Class 

A 

B 

c 
D 

E 

TABLE 1. CLASSIFICATION OF DESICCANTS 

Reactions Involved 

D ~' (pure or concentrated solution) + H 20 

D (solid) + H 20 =- physical adsorption 

D (solid) + H 20 = saturated solution 

dilute solution 

D (HzO)Y (solid) + xH 20 = D (HzO)x+y (solid) 

M** + (HzO)x = M(OH)x + x/2H 2 

* Desiccant 
.;,,~ 

Metal 

Among the five classes of desiccants, class A liquid (solution) desiccants and 
Class Band D solid (adsorptive) desiccants are of interest in solar crop drying 
application. 

Liquid Desiccant Characteristics 

Liquid desiccants include deliquescent salt solutions such as calcium chloride in 
water as well as organic compounds like glycol and sulfuric acid. These are all 
liquid at fi-ll ordinary ranges of temperatures and dilution. When in solution, de­
liquescent componds will obviously have lower drying efficiency and capacity 
than the same anhydrous salt, but the much greater ease of handling the liquid 
solution makes the solutions preferable where very low humidities are not re­
quired as is the case in crop drying. The anhydrous liquids (glycol for example) 
can produce nearly complete dehydration, but large quantities of the drying agent 
must be used due to low drying capacity, and complete regeneration is usually 
difficult. One of the greatest advantages of the liquids is that a desired relative 
humidity of the drying air can be maintained with very close control regardless 
of inlet moisture conditions. Thi13 is accomplished by simply maintaining the 
dehydration solution at the proper concentration and temperature or by varying 
the flow rate of the desiccant. 

Properties of candidate liquid desiccants are summarized in Table 2. The suit­
ability of these chemicals are compared in terms of the following properties 
(Refs. 8 through 15): 

1. Specific heat is an important measure of thermal storage capacity. It 
ranges from 0. 4 to 0. 9 and varies with the concentration, temperature 
and type of desiccant. 
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TABLE 2. SUMMARY OF UQUID DESICCANT PROPERTIES 

R.H.at Range c 
Liquid p 90F Useful of Chemical. Heat of 

Desiccant {Btu/lb-F) for Sat. Concen. Regen. Stability Dilution Corrosio\1 Toxicity $/lb 
Solu. Range Temp. ( Btu/lb) 

{%) {"lo) {F) 

I Lithium 0. 68 II 23-45 200-250 Stable -200 Rela. Non- Rela .Non- I. 26 

I '"'""'' {70 F, 40"/o) Corrosive Toxic 

' Calciu•n 0.60 21 32-40 200-250 Sat. Solu. -zoo R'ela .I" on- None 0.04 
Chloride Solidifies Corrosive 

I Sulfuric 

Below 86 F 

0.4-0.6 0 35-100 250-300 Relatively -200' Bad Toxic 0.03 I Acid Stable 

·Glycerine 0.6-0.9 0 50-100 200-250 Heat Sens. Low None None 0.50 
(Glycerol) Oxidize 

' 
Tri-
ethylene 0.6-0.9 0 96-100 250·300 Heat Low Noncorr. Rela .Non- 0.30 
Glycol Sensitive with Inhi- Toxic 

biter . 
' ~--~ -

Z. Relative humidity of the air that can be obtained using a saturated solu­
tion at 90 F is,a relative measure of comparing the drying efficiency. 
Lithium chlori.clP. is the best amon·g the salt solutions, although it i~:; nul 
as powerful as sulfuric acid or organic desiccants which are capable of 
complete dehydration. This is not a critical factor in drying crops 
since complete dehydration of the drying air is not necessary. 

3. Useful concentration range for cropdrying application. Lower limits in 
the table represent equilibrium concentration for 60% relative humidity 
air which is the maximum relative humidity at which most crops can be 
dried. Wider useful concentration range is desirable since it assures 
higher drying capacity and flexible operation of the drying system. 

4. Range of Regeneration Temperature. Sulfuric acid and glycol require 
rather higher regeneration ten1perature than salt solutions .. and glycerine. 
This property heavily impacts the suitability for regeneration and the 
thermal efficiency of the system. ! 

5. Chem.lcal Stabilily. Calcium chloride solution at SC!tlll·a.t.ion solidifies be­
low 86 F to form the solid hexahydrate. Lithium chloride, ton the other 
hand, has no danger of solidifying if kept above -90 F, which makes lith­
ium chloride markedly superior to calcium:chloride with regard to main­
tenance of stripping and absorption packed columns. Glycerine is sensi­
tive to thermal decomposition and must be regenerated in vacuun1. Glycol 
is less sensitive to ther1'11al decomposition than glycerine. 

6. The heat of dilution of the' soiution is approximately the, same for all salt 
solutions and sulfuric acid. Glycerine and glycol have. relatively low 
heat of dilution (less than 20 Btu/lb). High heat of dilution is desirable 
in terms of thermal efficiency of the s·ystem. However, it has slightly 
negative effect on the efficieni:y of dehumidification operation . 

. 7. Corrosion. Sulfuric acid is very corros~ve. Salt solution often causes 
electrolytic corrosion. However, when properly used with corrosion in­
hibitors they are relatively noncorrosive. The most ,often used inhibitors 
are sodium chromate or dichromate. 

8. Toxicity. Lithium chloride may become toxic at continuous daily dose of 
over 100 mg/day. However, since the vapor pressure of lithium chloride 
over the solution is zero, the drying air will not be contaminated if a de­
mister is properly installed in the dehumidification (absorption) column. 
Sulfuric acid and triethylene glycol have vapor pressures of over 1 mm 
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Hg at operati.Ilg temperature range lor crop dry1ng. · These desiccants 
are toxic and must be avoided. 

9. Cost. Lithium chloride is relatively expensive. Calcium chloride and , 
sulfuric acid are inexpensive while organic dessicants are in the moder­

. ate price rang'e. Note that the cost for lithium chloride is based on 
solid lithium chloride and the cost for 40% solution is comparable with 
that of glycerine. 

It is evident from the above compariso·n that the most prom1smg liquid desicca111t 
is lithium chloride although it is relatively expensive. Calcium chloride can be 
used depending on the requirements of specific application. However, the opera­
ting range of calcium chloride is limited compared to lithium chloride as shown 
in Fig. 2. This figure gives values of equilibrium relative humidity and tem­
per;ature for air and desiccants. 

' 
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o.J 
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Fig. 2 - Operating Range of Two Liquid Desiccants for Crop Drying 
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Solid Desiccant. Characteristics 

Both adsorptive and reactive types of solid desiccants which do not become wet 
or sticky in normal service are considered in this section. These solid desic­
cants are widely used in applications where nearly complete drying is required. 
Since it is not generally possible to move the used desiccant from the drying 
chamber to a regeneration chamber, solid desiccants are usually regenerated in 
a stationary container at the end of a drying cycle. This necessitates the use 
of several beds of solids where continuous drying is necessary. In addition to 
drying efficiency, capacity and activity, the size of the desiccant pellets is an 
important factor in considering a solid desiccant. Size is important because of its 
effect on the pressure drop of air passing through the bed and the area for mass 
transfer (oi water vapor) from the desiccant pellet to the' air. 

Properties of common solid desiccants are summarized in Table 3. and the suit­
ability of these chemicals is compared in terms of the following properties (Refs. 
8, 9, and 16 through 25): 

TABLE 3. SUMMARY OF SOUP DESlCCANT PROPF.RT.t~~ 

Solid c Adsorption Range of Number of p 
Capacity Regeneration Regeneration Average Heat Desiccant (Btu/lb-F) 

( Jl;~ 1 H20 ) Temperature 

Lb pesiccant 

Selica Gel 0.20-0.22 ' o:4~o.s 
l 

Activated 0.24 0.14 
Alumina 

Anhydrous 0.17 0.12. 
Calcium 
Sulfate 

Anhydrous 
Magnesium - 0.48 
Pe rchlora"te 

Activated 0.20 "1J.4 
Carbon 

ljo 

For embedded heater (steam or e!P.ctric). 

-Data not available. 

Cycies of Wcttlng 
(F) 

200-350 Unlimited ....zoo 
300-600 Unlimited -zoo 

400-500 Limited 540 
(-Zoo Reg.) 

400-500 Limited 264 

ZZ0-240 * Unlimited -zoo 

l. Specific Heat. Specific heats of solid desiccants range from 0;20 to 
0.24 whidi i::;. considerably lower than liquiu uesiccants. 

: 

' 

2. Adsorption Capacity. Silica gel and activated carbon have considerably 
higher drying capacity than activated alumina or anhydrous calcium sul­
fate. Anhydrous magnesium perchlorate also has high drying capacity. 

$/lb 

0.60 

0. 32 

0.55 

z .10 

1.40 

3. Range of Regeneration Temperature, The range of regeneration tem­
perature for solid desiccants is generally higher than liquid desiccants, 
which is not preferable when the solar regeneration method is employed. 
For complete regeneration, temperature ranges higher than. those listed 
in the table must be used. The temperature ranges listed in the table 
include partial regeneration ranges. For example, the recommended 
range for complete regeneration of silica gel is 300 to 350 F, although it 
can be partially regenerated as low as 200 F where extremely dry air is 
not necessary, such as in crop drying applications. Considerably higher 
regeneration temperature I;nust be used for activated alumina, anhydrous 
calcium sulfate and magnesium perchlorate. 

4. Number of Regeneration Cycles. Anhydrous solid desiccants have rela­
tively short length of service life due to the limited regenerability. 
Anhydrous calcium sulfate can only be subjected to about 200 drying and 
regeneration cycles, after which its drying power deteriorates. 
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5. Heat of Wetting. Adsorptive solid desiccants have comparable heat of 
wetting with the heat of solution of saline liquid desiccants. Heat of re­
action is responsible for higher heat of wetting for anhydrous desiccants 
High heat of wetting is not favorable in adiabatic drying operations since 
it may require additional cooling of the dried air stream. 

6. Cost. In general solid desiccants are more expensive than liquid desic­
cants. Silica gel, activated alumina and anhydrous calcium sulfate are 
the less expensive solid desiccants. 

Among the solid desiccants compared in the table, silica gel is the most favora­
ble one when the solar regeneration ·method is employed. Activated alumina can 
be attractive when a high temperature solar collector or auxillary heating device 
is used. 

CONCEPTUAL DESIGNS 

Apparatus required to utilize desiccants and solar energy for crop drying include 
several heat exchangers, pumps, blowers, pac.ked columns, storage tanks for 
the desiccant, a solar collector and an auxiliary heat source. These units may 
be combined in different ways to perform the crop drying operation. The opti­
mum configuration of the crop drying apparatus is subject to an extensive anal·.rti­
cal study in which the capability to conserve energy an4_ ~apital cost of the appa­
ratus are compared. Concepts using liquid desiccants are p_resented and system 
energy requirements are compared. Solid desiccant systems are not presented 
because of the difficulties in regeneration and energy recovery discussed in the 
previous section. 

A schematic of a system using liquid desiccants (lithium chloride solution, for 
example) to dry crops in two separate bins is shown in Fig. 3. Solar energy is 

Exchanger 

Used 
Desiccant 

Heater 

Drain (Liquid 
Water) 

Regenerated 
Hot Desiccant 

~ 

Heat ExchangP.r 
No. I 

Heat Exch. r No.2 

Fig .. 3 - Desicc<~.nt Drying Concept with Two Crop Bins 
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used to regenerate the dilute (wet) desiccant solution which is used to dehumidify 
the air passing through the closed loop drying cycle. Water vapor is fed into a 
condenser where the dilute cool desiccant is preheated before passing through 
the solar collector. The dilute desiccant is also preheated by the hot regenera­
ted desiccant in a liquid-liquid heat exchanger "downstream" from the condenser. 
The hot, regenerated desiccant is returned to a storage tank. The regenerated 
desiccant is used to heat the air in the closed loop cycle at Heat Exchanger 1 
before passing the air through Crop Bin 1. Moist air from Crop Bin 1 is dehu­
midified in a packed absorption column where the air in the closed loop cycle and 
the regenerated desiccant make contact. 

The temperature of the regenerated desiccant must be suppressed in order to 
achieve drying potential before bringing it into contact with the moist air in the 
closed cycle drying loop. This is done in Heat Exchanger 2. The heat rejected 
by the hot, regenerated desiccant is supplied to another crop bin (Crop Bin 2) 
which operates in the conventional open loop fashion. 

Figure 4 shows a similar concept which uses a two stage column dryer where 
gram 1s imtially dried and preheated 1ii conventional open loop fashion using 
heat rejected in cooling the hot, regenerated desiccant. The gram then passes 
into the closed loop portion of the drying scheme. The total system operates in 
a similar fashion to the apparatus shown in Fig. 3. However, additional energy 

Grain 

-
L/C Heat Exchanger No. I 

Fig. 4 - Desiccant Drying Concept with Continuous Column Dryer 
(Two-Stage Drying) 

0 

savings is expected because the thermal energy required to preheat the grain in 
open loop drying is retained in the closed loop portion as the grain moves con­
tinuously from one stage to the next. Figure 5 shows a two mode drying concept 
with one bin where the crop is initially dried in an open cycle drying mode while 
the desiccant is regenerated and then dried in a closed·cycle mode using regen­
erated, stored, desiccant to a desired crop moisture content level. This two­
mode concept is similar to the two-stage concept except that it is a batch drying 
process. 
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L/L Heat 
Exchanger 

~_,,~----~------_, 

-

Fig. 5 - Desiccant Crop Drying Concept with One Crop Bin (Two-Mode Drying) 

Figures 3, 4 and 5 display concepts in which some thermal energy must be re­
jected from the system. Although this thermal energy is used in open cycle crop 
drying, energy is still used relatively inefficiently in heating ambient air in 
vaporizing water from the crop. This energy cannot be reclaimed as is possible 
in the closed cycle drying portion of the crop drying configuration. A third con­
cept for using liquid desiccants combines crop drying with some other thermal 
energy use. A good example is soybean processing. Soybean processing facili­
ties currently use large amounts of energy both for drying and processing the 
beans into oil and high protein meal. In this third concept, the process thermal 
energy used for tempering, cooking and evaporating hexane (used to separate the 
oil from the meal) could be obtained from the th'ermal energy available in the 
regeneration of the desiccant. The net result of this arrangement is that drying 
and processing of the soybeans is accomplished with about 14% of the conven­
tional energy requirements for soybean drying. 

The results of three process analyses using liquid desiccants (CaC£ 2 or LiC£ 
solutions) are shown in Table 4 compared with conventional open cycle dryers. 
The three desiccant cases represent three different ways of using the energy 
recovered during the regeneration cycle, .namely: 2 crop bin mode (Fig. 3), 
two-stage drying (Fig. 4) or two-mode drying (Fig. 5) and alternate nondrying 
energy use for rejected thermal energy. The results shown are in the form of 
the total energy required to remove one pound of water from a crop (peanuts 
in this case) .. Both thermal energy and electrical e1_1ergy (for pumps and 
blowers) are included in this total. 
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TABLE 4. COMPARISON OF DIFFERENT DRYING SCHEMES 

Btu/lb H 20 Frac. of Energy 
Case/Description Removed Used Compare'd 

with Conventional 

1. Desiccant -2 crop drying bins 1100 0.50 

2. Desiccant -2 stage drying or 2 mode 1000 0.46 
drying 

3. Desiccant- 1 stage drying with non- 300 0.14 
drying energy use 

4. Conventional, open cycle crop drying 2200 i.oo ·.I 

SUMMARY 

The chemical and physicai properties of solid and liquid desiccants have bee:n 
studied to identify desiccants that can be used in crop drying applications. The 
desiccant can be used as an active drying agent as well as serving as an energy 
storage media for collected solar energy. The crop drying apparatus is con­
figured such that continous or batch drying of the crop can be accompl}shed. Re­
generation of the desiccant is performed in such a manner that virluaHy all the 
energy expended in evaporation of the moisture from thP. desic:.-:ant is recover'id 
and used within the drying process which results in a significant energy savirigs 
over a conventional heated air drying system. The absorption column (dehumid­
ifiers) is configured such that the relative humidity of drying air can be controlled 
independent of temperature. · 

Conceptual designs and process flow diagrams for using solar energy for regen­
eration of solid and liquid desiccants have been identified. Liquid desiccants are 
more attractive than solid desiccants because of easier controllability and rela­
tively low regeneration temperatures. 

Analysis of the chemical and physical properties of desiccants indicate that cal­
cium chloride and lithium chloride salt solutions have the best application in so­
lar regenerated desiccant crop drying apparatus. Calciu'm chloride and lithium 
chloride solutions can be regenerated at lower temperatures than other dt::sit.:t.:ants 
(which relaxes constraints on the choice of solar collector hardware), have high 
specific heats (which augments thermal storage capacity), and are stable, rela­
tively nontoxic chen1icals. These salt solutions can cause corrosion but use of 
proper materials in fabricating crop drying equipment can overcome this pro­
blem. 

The desiccant drying concepts offer three advantages: (1) energy savings of up 
to 50% over a conventional heated-air concept; (2) independent controllability of 
relative humidity of drying air; and (3) use of solar energy·. 
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ANALYSIS AND DEVELOPMENT OF A SOLAR ENERGY 
REGENERATED DESICCANT CROP DRYING FACILITY':' 

by 

S.M. Ko and D. V. Merrifield 
Lockheed Missiles and Space Company, Inc. 

Huntsville, Alabama 35807 

A. study was conducted to investigate the technical and economic feasibility of a 
solar energy regenerated desiccant crop drying concept. The study was spon­
sored by ERDA under Contract E (40-1) 5157 and includes design concepts and 
data developed under Contract USDA-12-14-7001-817 for the US Department of 
Agriculture, Agricultural Research Service. 

As an integral part of the work, a bench scale electrically heated drying system 
was built and experimentally tested. Close agreement was obtained between 
analytical simulation and measured performance. The thermal energy required 
to remove each pound of water from the test crop was found to be less than 1150 
Btu. 

The principal conclusion of the study was that the regenerated desiccant crop 
:irying concept is technically feasible and has the capability to achieve a drying 
efficiency of approximately twice that of conventional crop drying systems. When 
~sing a fossil fuel energy source, energy savings will be approximately 40 to 50%. 
Nith solar energy input, the total energy savings could be 70 to 90%. The 
economic feasibility of the system appears promising. As with other new energy 
conserving systems that are presently capital-intensive, the economic viability of 
the systf:'m will be dependent on future <;:apital cost reductions, on the future price 
of fossil fuels, and on the specific application of the system. Regarding system 
applications, it was concluded that the regenerated desiccant drying system, with 
or without the use of solar energy, will be economically best suited for a large 
central processing application, where it can receive a maximum amount of use and 
will benefit from economy-of-scale cost considerations. 

The basic study recommendations are: ( 1) additional R&D activities should be 
conducted to identify and evaluate means for achieving system cost reductions; 
and (2) a mobile pilot drying facility program should be initiated. 

':'Abstract of a paper entitled "Energy-Efficient Desiccant Drying/Dehumidification 
Using Solar or Fossil Fuel Energy," to be published in the proceedings of the 12th 
Intersociety Energy Conversion Engineering Conference, to be held in Washing­
ton, D.C., August 28 through September 2, 1977. 
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A LOW COST SOLAR COLLECTOR SUITABLE 
FOR USE IN PEANUT DRYING APPLICATIONS 

by 

J. H. Schlag, A. P. Sheppard, and J. M. Wood 
Georgia Institute of Technology 

Atlanta, Georgia 30332 

INTRODUCTION 

Over the past two years, three types of low cost solar collectors have~been ~ested 
to determine their applicability as energy sources for peanut drying. They~are a 
black film hot air collector, an integral rock storage and collection-system, and 
a shallow solar pond collector. The results to date indicate that the first two 
~y~tcm~ arc the mo~t promining and that the most effective method of utilizing 
them is to combine them in a series installation which we refer to as the 
Augmented Integrated Rock System or AIRS. 

Two overriding considerations dictated the design of the collectors discussed in 
this paper. One was that they must be constructed of inexpensive materials and 
the other was that a farmer should be able to construct them on-site from a set of 
simple plans. It is feit that a soiar system will have to meet these criteria if 
it is to receive widespread acceptance in the agricultural community. 

INTEGRATED ROCK-STORAGE AND COLLECTION SYSTEM 

By blackening the top layer of a rock bed and covering it with an appropriate 
glazing material, one can construct both an efficient collector of solar radia­
tion and an inexpensive storage system as shown in Figure 1. The heat, however, 
tends to be concentrated near the surface of the rock bed. Tests have shown that 
without air circulation, the heat will penetrate only about 6 inches into the bed. 
Figure 2 illustrates the temperature profile within a test system during a period 
of 11 hours without air circulation. · 

Circulating air through the rock bed in a downward direction during the collecting 
period is desirable because surface heat is thus conveyed to the lower rock 
layers creating a more uniform temperature distribution. The more uniform dis­
tribution of heat will lower the rate at which heat is radiated from the system. 

It has been determined that in order to achieve an average rock temperature of 
6U°C (with air circulation), the rock bed thickness should be no more than 0.3 
meters. As the rock depth is increased beyond this figure, the collecting surface 
is not large enough to raise the temperature of the rock to a sufficiently high 
temperature for crop drying. In order to obtain more storage without increasing 
the surface area of the rock it is desirable to supplement this system by using 
the black film hot air collector described ~n the following section. 

One potential problem in evaluating ·the performance of this system is that the 
interior temperatures of each rock lags behind the surface temperature as the 
rocks are heated. In order to determine the lag time in temperature response a 
10 em. diameter rock was equipped with 3· thermocouplers. A hole was drilied in the 
rock and a thermocouple was sealed inside the rock to measure the temperature of 
the center of the rock. The other two where placed on the top and bottom of the 
rock. The rock was then placed in the sun and the temperatures. of the top, center 
and bottom of the rock were measured. It was found that five minutes were 
required for the temperature of the center and bottom of the rock to equal the 
temperature of the top of the rock. Thus, it was concluded that the temperature 
gradient in the individual rocks can be ignored for most practical purposes. 
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Double glazing is used for the rock bed system because it becomes imperative to 
have the rocks well insulated in order to preserve the built-in storage capability. 
The upper layer of glazing is fiberglass coated with Tedlar. This material is 
used because it is more opaque. to infrared radiation than plain plastic and has an 
expected life span of 15 years. The lower layer of glazing is Monsanto 602 plastic. 
The Monsanto 602 is much less expensive than the fiberglass and since this layer 
will. not be exposed to the elements or .U.V. radiation its lifespan should exceed 
-two years. The spacing between the two layers is about 2.5 em, the spacing re­
quired to minimize hea:t transfer between the two surfaces. A smaller spacing 
results in smaller convective heat losses, but larger conductive heat losses. 
Increasing the spacing· does not significantly change the amount of heat loss be­
cause as the conductive. heat losses are lowered, the convective heat losses 
increase. 

The rocks used in the system are granite and average 10 em. in diameter. This 
size provides relatively good heat transfer properties because the rocks present 
a large surface area to the air stream and yet they do not unduley impede the air 
flow. It is impo_rtant that the rocks be of uniform size to avoid impeding the · 
Q.:h flc•w. 

BLACK FILM HOT AIR COLLECTOR 

Two designs have be~n tested for the Black Film Hot Air Collector. They are shown 
in F~gures 3 and 4. 

·The design shoWn in Figure 3 consists of a layer of glazing and a layer of blackened 
Fesco' insulation. Air is drawn in between the glazing and the insulation and 
heated as it passes through the collector. The air is forced through the collector 
by a fan located at the base of the unit. 

-The design shown· in Figure 4 consists of a layer of clear glazing, a 2.5 em 
stagnant air gap, a layer of black Typar, a 5 em space for hot air, and a layer 
of Fesco board insulation. Air enters at the top of the collector and is heated 
as it passes behind the Typar. The heat can then be stored in a rock storage bin. 
The air is moved through the collector by a fan located at the base of the unit. 
Typar was chosen as the absorbing material over black polyethylene, tar paper, 
black painted paper, and black painted aluminum foil. The Typar and the black 
polyethylene both have superior absorbing characteristics, but the polyethylene 
was ruled out because it melted at the temperatures encountered in the system. 

The graph in figure S plots the temperature at the top ot the collector design 
shown in Figure 3 over a 17 hour period along with the air temperature and the 
incident radiation. By comparing this with the performance of the other collector 
qesign, shown in Figure' 6, it can be seen that the second design has a significantly 
higher temperature rise. In actuality, the temperature curve for the s~cond 
design is flattened at the top because the thermocouples which measured the 
temperature became saturated at 100°C. 

The temperature within both collectors varied and Figure 7 illustrates this 
variation for several heights within the collector which has Typar as the absorber 
.at different times of the day. Once again, the saturation of the thermocouples 
is apparent in this graph. 

AUGUMENTED INTEGRATED ROCK SYSTEM (A.I.R.S.) 

Combining the two solar collectors previously discussed provides a very inexpen­
sive system with the advantages of both systems. The rock bed system can not be 
placed at the proper angle to the sum without incurring the expense of grading the 
earth. It will also radiate energy from its entire surface area. By combining 
the two units as shown. in Figure 8, you can have as much surface area as the 
'system shown in Figure 9 but more radiation will be intercepted because the black 
film hot air collector is at a high enough angle to intercept the maximum amount 
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of the sun's radiation. In addition, the storage area has half of the surface 
area of the system in Figure 9. Ort_the other hand, if the black film hot air 
collector were used alone it would still require a storage unit and a convential 
storage unit would not be acting as a collector. 

A 1200 square foot AIRS, as illustrated in Figure!~ will be constructed this 
summer. It will have a 720 square foot (60 x 12) black film hot air collector con­
nected in series with a 480 square foot (60 x 8) integrated rock storage and col­
lection system. The rocks will be 12 inches deep and will be able to store about 
one million BTU's at a 6T of 100°F. The ground will be graded so that the rock 
storage and collection system will face· south at a 5 degree slope. The black 
film hot air collector wili be placed at a 35° angle .. 

Figure 11 shows the air flow in the AIRS when it is operating in the energy 
storage mode. Air is forced by the_fan into the top of the black film hot air 
collector where it is heated as it travels down the collector beneath the black 
Typar absorber. Upon entering the rock storage and collection system, it is 
heated further and forced down through the rocks. The air heats the rocks and 
then returns to the black film hot air collector. The second fan in the unit will 
force air into the drying wagon or shed. 

The materials cost of the AIRS unit is under $2.00/foot2 for the black film hot 
air collector and under $1.00/foot2 for the integrated rock-storage and collection 
system. It is felt that at this price ,,the AIRS unit will provide a practical low­
cost alternative to drying crops using fossil fuels. 

ROCK STORAGE COLLECTOR 

ROCK -

FIGURE II AIR FLOW IN THE A.I.R.S. SYSTEM 
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MATERIAL SELECTION FOR AGRICULTURAL SOLAR SYSTEMS 

by 

J. H. Schlag, A. P. Sheppard and J. N. Wood 
Georgia Institute of Technology 

Atlanta, Georgia 30332 

Introduction 

When selecting materials for use in constructing solar systems for agricultural 
uses it is often necessary to make trade offs, i.e. durability vs low cost. This 
article compares the attributes of common materials which can be used as glazings, 
absorbers and insulation. It does not attempt to select the best material in any 
category aa the beat material may well vary between systems and applications. 

This paper will also compare water and rocks as storage mediums. 

Glazing 

In choosing a glazing material for a solar collector, the most important items to 
consider are cost, ~ransmissivity, durability and heat retention. 

The costs of several candidate materials are shown in Figure 1. 

Material 

Glass 

Low Iron Glass "Wate.rwhite" 

PVC (10 Mill) 

Monsanto 602 

FIGURE 1 

Fibcrglaoo Reinforced Plaotic 

Tenite (Cellulose Acetate Butyrate) 

Tedlar 

Cost Per Square·Foot 

$1.00 

2.00 

• 30 

.02 

.45 

.03 

• 35 

Transmissivity tests on candidate materials were performed according to the 
National Bureau of Standards Specifications 21387-1973. A typical plot of the 
data from one transmissivity test run is shown in Figure 2 and a table of the 
test results is shown in Figure 3. 

The ideal glazing material would be perfectly transparent to radiation in the 
solar spectrum (wavelengths .2 - 2.6 um) and opaque to all radiation with longer 
wavelengths. Two tests were used to test for these properties, the spectral 
density of the materials was evaluated using a Perkin-Elmer Model 700 Spectro­
photometer. Results of one of these tests on M602 are shown in Figure 4. In 
addition, a test chamber was constructed with four compartments so that four 
samples can be exposed to identical radiation. The rise and fall of temperatures 
inside the absorption chambers over 30 minutes is shown in Figure 5. 

The expected life-span of various glazings when exposed to U.V. radiation and 
normal weather conditions is shown in Figure 6. It should be recalled that when 
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using double glazing the lower glazing is exposed to less severe conditions and 
would therefore have a longer expected life span than shown in Figure 6. It 
should be noted, however, that the tenite will degrade in about one month if 
exposed to high temperatures. It could therefore be used as the top glazing in a 
double glazed system. 

FIGURE 6 

Material 

Glass 

PVC (10 Mill) 

Monsanto 602 
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Insulators 

ExEected Life in Years 
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1 

2 

10 

10 

20 

The most important properties of insulating materials are cost, durability and 
thermal resistance. Thermal resistance is expressed in "degrees per BTUh per 
square foot." It is the temperature drop expressed in degrees Fahrenheit through 
the insulating material when heat is passing through it at the rate of 1.0 BTU per 
square foot of surface per hour. The total thermal resistance of any heat barrier 
is the sum of the thermal resistance of its parts. 

The conductance of a material or its U value is the inverse of its thermal 
resistance. 

The U value is measured in BTU's of heat flow per hour per square foot per degree 
F temperature difference. Therefore, the smaller the U value of a material the 
better it is as an insulator. 

The durability of an insulating material depends on the conditions to which it is 
exposed. Most materials lose their i~sulating value when wet. Some are protected 
with a moisture barrier to prevent them from becoming wet. An insulating material 
should not lose its thermal resistance or deform under the greatest temperature 
range to which it might be subjected. (-30°F - 300°F is a possible range for non­
focusing solar collectors.) The degree of structural strength and the resistance 
to abrasion required are also function of the application. 

Figure 7 compares the cost .per square foot and R value of some common insulators. 
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Absorbing Materials 

A good absorbing material should have a high absorbtivity, a high melting point 
and a high thermal conductivity. It should also present a large surface area to 
the heat transfer fluid (i.e. air or wat~r). This would imply that in general it 
is preferable to have a rough surface or corrugated surface to a flat s~rface. As 
with all materials, cost plays an important role in mat"erial selection .. 

The materials that have so far been tested as possible absorbing materials are 
black polyethylene, tar paper, black painted paper, black painted aluminum foil, 
and various formulatio~s of a Dupont material called Typar. Of these materials, 
the Typar and the black polyethylene had the best absorblng charcictt:!Llsth:s, as 
shown in Figures 8 and 9. The black polyethylene was found to melt when exposed 
to high temperatures for a long period of time, and therefore the Typar appears 
to be the best available absorber. 

~-;--~--~--r-~--~--~~---r--~~·--+---r---
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. FIGURE. I TEMPERATURE RISE IN AN ABSORPTION CHAMBER WITH FOUR ABSORBING MATEAIALI 
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Storage Mediums 

Since agricultural drying must usually proceed for 24 hours a day and solar 
radiation is available only 8-10 hours per day, some method of energy storage 
must be employed. The choice of stbrage media is usually between storing sensible 
heat in either water or rock. 

In general, the choice of a storage media is dependent upon the characteristics of 
the solar system,' the amount of energy to be stored and the costs of implementing 
the storage. Figure 10 compares the heat capacity and density of water, rock 
and iron. 

FIGURE 10. .. 

c Density p 

KJ/Kg°C ' 3 
~ 

Water 4.19 lOOO 
Rock .88 2500-3500 

Iron .so 7860 

From this table it can be seen that in a given cubic foot of space about twice as 
much heat can be stored in water than in rock. Iron can store about 3/4 as much 
heat as water in the same volume. Thus, if space is the primary consideration, 
water is the storage media of choice. 

However, the costs of using a water storage system usually exceed the costs of 
using a rock storage system. In addition to their low pice, rock storage units 
have the desirable characteristic that the heat transfer coefficient between 
circulating air and the rocks is high. and the conductivit.y ot the bed is low 
when there is no air flow. 

In constructing a rock bed, rocks from 1 to 5 em have been used. The rocks should 
be uniform in size so that pressure drops will be minimized. 
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SOLAR DRYING OF PEANUTS IN GEORGIA 

by 

J. M. Troeger and J. L. Butler 
Agricultural Engineers 

USDA, ARS 
Coastal Plain Experiment Station 

Tifton, Georgia 31794 

Introduction 

Most peanuts grown in Georgia are normally harvested in September or early October. 
The plants are removed from the soil, inverted to expose the pods to the sun, and 
.:..:.mhined ~Her 3 to 7 d;:1yc of ~o~ind:t'.,l•l ~1.ming. Af-i'Pro t'hAy iH'e combined. the 
partially cured peanuts (:W-::!U% wet basis) ar-e placed in a !Jlu ur· wdguu and dt'ied 
to 10% moisture content or less with heated air. Liquified petroleum gas (LPG) 
is r.ommonly used to heat the drying air, but as fossil fuel supplies dwindle alter-
native forms of energy become more desirable. · 

Production of edible peanuts requir•es careful drying procedure3. Peanuts dried 
conti~yously at temperatures above 35°C develop an off flavor (Beasley and Dickens, 
1963)- . Peanut temperatures in the field, however, may reach 50°C for several 
hours with no loss of flavor (Butler, Pearman and Williams,· 1969) .. Peanuts dried 
in the laboratory, with drying air temperatures programmed to maintain 50°C for 
3 hours in a 12 hour period, developed no off-flavor (Troeger and ~~tler, 1972). 

Split kernels, a measure of milling quality, increase when the drying air tempera­
ture exceeds 35°C. Likewise, low relative humidity may cause excessive splits. 
(Beasley and Dickens, 1963). 

Peanuts must be dried promptly after they are removed from the soil. Interruptio.n 
or delay of the drying process may encourage mold growth and increase the potential 
for mycotoxin development (Troeger, Williams and Holaday, 1969). 

General recommendations for peanut d1•ying include: limiting the drying air temper­
ature to 35°C, limiting the temperature rise of the d3ying air aJJgve ambient to 
8°C and maintaining a minimum air flow rate of 12.5 m /min. per m of peanuts. 

This paper reports the results of 2 years of research by the Agricultural Research ~ 

Service, Il.S. Department of Agriculture in cooperation with the Energy Research 
and Development Administration and the Geor•gia Coastal l'lain .t.;xperimem: Statluu 
at Tifton, The purpose of the research was to determine and demonstrate the 
feasibility of using· solar energy for drying peanuts. 

facilities and Equipment 

Facilities were constructed for comparing three methods of heating the air for 
drying peanuts. 

1. Water was heated by solar collectors and stored in ·tanks, then used to heat 
the drying air (Figure 1). Supplementary LPG heated the air when solar 
heating was inadequate. 

1/ Refers to appended references. 
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2. Air was heated by a solar collector and used directly for drying with no 
energy storage (Figure 2.). · 

3. Air was heated with a conventional LPG burner. 

PEANUTS 

HEAT 
EXCHANGER 

S'TORAGE 
TANK 

PUMP--~~------------~ 

AUX. 
BURNER 

Figure 1. Schematic drawing of 
solar-heated-wnter RyRte.m. 

PEANUTS 

Figure 2. Schematic drawing of 
solar-heated-air cystem. 

All three systems dried the peanuts in plywood ~odel bins (0.6 x 0.6 x 1.2 m deep). 
Air flow through the dryers was a nominal 340 m /hr. Pipes and ducts connecting 
the components of the systems were insulated. 

Solar Heated Water System 

Collectors - 1975. Several types of solar collectors were constructed between the 
Z-bars of a steel frame building (Figure 3). Table 1 describes the components 
used in the collectors and gives the relative effectiveness of the collectors. 
All collectors, except the Roll-bond, were 11.6 m long by 1.2 m wide. The Roll­
bond collector had four plates (2.4 by 0.5 m) connected in series. 

~elative effectiveness was determined by running the group of collectors simul­
taneously on a cloudless day. The total heat gain of the water flowing through 
the collectors, per unit· area, was measured. Temperature of the entering water 
was the same for all collectors. 

Thermal bonding with a high-temperature grease increased the effectiveness of 
the galvanized pipe collector by 15%. The grease was specified

0
to withstand 

temperatures to 230°C but it melted with temperatures up to 140 C when no water 
circulated through the collector. 

Rigid styrofoam (2.5 em thick) insulated the underside of the collectors. Without 
circulation, however, the styrofoam partial·ly melted at 'the higher temperatures .. 
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(d) 

Figure 3. Schematic drawing of 1975 solar-heated-water collectors. 
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Table 1. Description of collector components and relative effectivness of the 
collectors. 

Material 

1975 

Galvanized pipe~/ 

Black pipeY 

C . 2/ opper tubl.ng-

Copper Roll-bond~ 

Flat aluminum (no gap)'!:.! 

Flat aluminum (with gap)'!:.! 

1976 ·. ~· 

Copper Roll-bond~ . 

Pipe above plateV 

Pipe below plateV 

Dimensions (em) 
Inside Spacing 
Tube on Centers 

l. 58 8.6 

l. 58 8.6 

1.12 8.6 

1.17 X .40 2.5 

4.65 X .64 5.1 

4.65 X . 64 10.1 

1.17 X .40 2.5 

l. 58 15 

l. 58 15 

. 

Relative 1 Effectiveness_/ 

.73 

.75 

. 34 

1.00 

.69 

l. 35 

1.00 

.72 

.54 

1/ Effectiveness determined by measuring heat gain across collector. Roll-bond 
= l. 00. 

2/ 1975 collectors were placed on unpainted black-iron sheet metal base (18 gage 
(0.12 em)}. Unpainted tubes were thermally bonded to plate with a high­
temperature grease. (Figure 3a) 

3/ Roll-bond plates are commercially available as an integral tube within a sheet 
heat exchanger (Figures 3b and 4c). Plates were painted with flat black paint. 

4/ The flat 
adjacent 
by a gap 
surface. 

aluminum channels were placed in two configurations (a) channels 
to one another with no gap (Figure 3c) and, (b) channels separated 
of 5 em. (Figure 3d). Channels had a dull, smooth, .black,. painted 

The black-iron base was unpainted. 

5/ 1976 collectors were painted with smooth flat-black finish. There was no 
thermal bonding (Figure 4a and 4b). 

One layer of Tedlar-coated, corrugated, translucent fiberglas covered the 
collectors. The Tedl~r filtered out the ultraviolet radiation which may degrade 
the fiberglas over a period of time. The fiberglas, though clear when installed, 
became clouded after several months' exposure. The loss of translucency varied 
among sheets. 

The roof of the building sloped 5° to the south and the collectors lay level in 
the east-west direction. Because of their orientation, the collector tubes could 
not be completely drained so several tubes burst during freezing weather. 

The collector with copper tubing was less effective than the other collectors 
because the flexibility of the tubing prevented it from being properly spaced 
and from being kept in thermal contact with the base plate. The c9llector with 
gaps between the flat channels was more effective than the collector with flat 
channels adjacent to one another because the rough base plate surface in the gaps 
was a better radiation absorber than the smooth black surface of the channels. 
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Collectors - 1976. ·In 1976, the collectors were redesigned (Figur~ 4) and 
installed above the Z-bars in a north-south orientation. The slope between th~ ' 
ends of the collectors facilitated drain.age. · Collectors, except. Roll-bond, were 
6. 6 m long by 0.9 m wide. The Roll-bond collectors contained two plates placed 
in series. Table 1 describes the components and the r'elative effectiveness of 
the collectors. 

(a) 

(b) 

(c) 

2.5cm 

PLATE 
PLYWOOD 

INSULATION 

. i, 

Figure 4. Schematic drawing of 1976 solar-heated-water collectors. 

·i 

The collectors were insulated on the bottom hy flexible fi.herglas beneath a ply­
wood base. Circulation tubes were in physical contact with the metal plate but 
were not thermally bonded tu it. Collector surfaces were painted with a flat 
black paint and covered with one ·layer of a heat-treated, low-iron-content glass;., 

Energy Storage Tanks. Ten concrete septic tanks (5.3 m3 vo'lume) were installed 
for stor·ing the sola.r-heated water. Six-mil (0.15 mm) poiyethylene film :o;ealed 
the interior of the tanks. The outsides of the tanks were insulated with 10 em 
of rigid styrofoam. ·There was no insulation between adjacent tanks so there was 
considerable heat loss between adjacent tanks when there was a la.rge temperature 
difference. 

ControLs: An on-off differential controller was used to control· the circulating 
punips for the collector.·· The pumps operated when the collector surface tempera'­
tures were 2°C or more above the temperature of the water in the bottom of the 
tanks. 
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A thermostat locatesi after the water-air heat exchanger controlled the heat 
exchanger pump, limiting the heated air temperature. to a maximum of 35°C. A second 
thermqstat· in the1plenum beneath the drying bin limited the temperature from the 
LPG ~urner to a maximum of 35°C. Two thermostats were used because rapid cyc~ing 
of the LPG burner when: the temperature was near the set point would disable the 
heat exchanger pump if it also cycled rapidly. Temperature rise through the 
burner was limited to S°C. 

Solar-Heated-Air System 

Galvanized sheet metal.panels were riveted to the Z-bars supporting .the roof of an 
existing building to form a duct 5 em deep. Rigid styrofoam insulated the under­
side of the duct. The weathered galvanized steel

2
roof, with no glazing, was the 

absorbing surface. Total collector· area was 46 m . . 

Air was used directly for drying with no energy'storage. Because previous studies 
(Troeger and Butler, 1972) have shown that short periods of high temperature do 
not adversely affect peanut quality, the entering air temperature was not regulat­
ed by automatic controls. 

Conventional System 

The conventional system used LPG to heat the drying air. The LPG burner was 
controlled by a thermostat in the plenum set to limit the air temperature to a 
maximum of 35°C. Temperature rise through the burner was limited to S°C. 

Procedure 

Approximately 135 kg of partially field cured Florunner peanuts were placed in 
each bin at the beginning of a test. Tests of each of the three drying systems 
were replicated four times. A separate collector and storage tank were used for 
each bin in the solar-heated-water system. A single collector was used for the 
solar-heated-air system. Separate burners and LPG tanks were used for each bin 
in the solar-heated-water system and the conventional system. LPG tanks were 
weighed before and after each test. 

Moisture samples were obtained from the top of each bin twice daily throughout 
each test. At the end of a test, moisture samples were obtained from both the 
top and bottom of the bin. Moisture content was determined by drying a 250-gram 
sample of whole pods at 130°C for 12 hours. · 

Temperatures were recorded hourly with a digital data acquisition system. Copper­
constantan (Type T) thermocouples sensed temperatures throughout the system. 
Energy use was cal~ulated from the temperature rise of the air and the rate of air 
flow. Air flow rate was measured with a hot wire anemometer. 

At the end of each test the Federal-State grading procedure was used to determine 
the percentage of sound splits in 500 gram samples t~ken from the top and bottom 
of each bin .. The perc~ntage of sound splits is a measure of milling quality and 
of the harshness of the temperature treatment during drying. 

Peanuts remained on.the dryers of the solar-heated-water system and the conven­
tional system until dry (40-60 hours). Peanuts remained on the solar-heated-air 
dryers for three days of solar radiation. Then, if they were not dry (<10%), 
they were placed on the conventional dryers to finish drying. Only one solar­
lu:ated-a.i.r te:;t (76-5) ~;~as completed without using LPG. 

Six tests were completed on the dryers, one in 1~75 and five in 1976. Solar 
energy contributed a significant portion of the total energy used to heat the air. 

Data were statistically analyzed with analysis of variance using a completely 
randomized design (Ostle, 1954). Comparison among individual systems was made by 
subdividing the treatment sum of squares into its component parts, each 
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representing a single degree of freedom. The'F-test was used to determine 
significance. 

Results 

Energy Use 

Solar-heated-water system. With energy storage, this system used about 60% solar 
energy to maintain the temperature of the drying air (Table 2). There was little' 
variation in percentage of solar energy among the tests. The specific energy 
input ( SEI) (kJ I gram water removed) varied with initial moisture content and with 
minimum.ambient temperature (Figures 5 & 6). SEI for this system was significant­
ly different (at 5% probability level) from that for the conventional drying 
system in all tests. 

Table 2. seecific energ.z: ineut ( SEI) and dr.z:ing conditions. 
Min. Amb. In. Avg. Daily SEI kJ/g ~ Solar 

Temp. Mois'!:, Ka2, ~oJ.ar ~oJ.ar L:onven. Solar Solar 
Test uc % w.b. l:t:- Water Air Water Air 

75-l l!l 23 382 2/ 4.4b 5.lb 70 86 9.2a- I· ,.J 

76-1 18 21 323 5.9a 8.6b 22 

76-2 19 29 242 9.7a b.Ob 7.3c til ::JU 
I 

76-3 14 28 434 7.0a 4.9b 59 63 

76-4 19 19 271 12.0ab 13.0a 10.4b 64 45 

76-5 11 29 420 5.5a 3.3b 4.9c 56 100 

1/ Langley (ly) = gram calorie per square centimeter. Values are total radiation 
(direct + diffuse) measured on a horizontal surface by an Eppley pyranometer 
(Model 50). 

~Numbers with the same letter horizontally are not significantly different at 
the 5% probability level. Vertical columns are not compa~able. 

Sola~-haated-air system. Without energy stoage, this system could completely dry 
the peanuts only during periods of high solar radiation levels. Among all of the 
tests with the aolar-heated-air system, about 50% of the energy to heat the drying 
air came trom solar energy {Table 2). 

Except for test 76-4 (Table 2) the SEI (including LPG input) was significantly 
less (at 5% probability level) for the solar-heated-air system than for either the 
solar-heated-water system or t~e conventional system. 

Effect of initial moisture and minimum temeerature. SEI_was higher with lower 
initial moisture content (Figure 5). The· last molecules of water within the 
kernel are more tightly bound than the first molecules and require more energy to 
remove (Henderson and Pabis, 1961). The difference between the vapor pressure in 
the kernel and that of the surrounding air becomes less as ~he moisture decreases. 

SEI was less with lower minimum ambient temperature (Figure 6). At a low minimum 
ambient temperature,. the vapor pressure of the air is low. When the vapor pressure 
of the air is low, the difference between the vapor pressure of the kernel and the' 
air is increased, therefore 'less energy is required to remove the moisture from 
the kernel than when the vapor pressure .difference is low. 
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Figure 5. Effect of initial moisture on specific energy input. 
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Figure 6. Effect of minimum ambient temperature on specific energy input. 

39 

'· '~···· 

30 

( 



r.o SOLAR AIR 

I"· 
.r, 

40 
· . t\_!---PLENUM 

I \ I \ I \ 
. I 

' I ' 0 r ,,, . I I , \ 0 I I 

I 1 I I 'I I I 
Ill I \ I ' 0: 30 

I . \ I ' ~ I \ I 1- I ' ~ 
<[ 

0 0: 
Ill 
'L. 
:E 
Ill 
1-

10 

OCT 12. 13 14 15 

TIME 

Figure 7. Typical temperature pattern for solar heated-.air drye:-. 



u 
0 

40 

30 

20 

.10 

SOLAR WATER 

_rPLENUM 
1
1 
,4~1!'\ ,..... __ ,, r- ~ .... 

.. _1 IJ·fl_ '' -- ...,, '~I -\'r ' -... ,. .. ·'" .. -- , . . - '. ~ _,.,. 

OCT 12 13 14 
TIME ..... __ ....., 

.• 

Figure 8. Typic.al temperatur.c 'patt,ern for s·olar.:.h~atec:l-wnter dryer. 

~ •: 

CONVENTIONAL ;. 

40 

u 
ll 1 )~PL:.EN UM 

' 1\ j\ 
0 ·'~"'i' . I\ I , ' 

'\ " , l h, . •' ,, l ,l,. \f" 
ILl 

' 
I I I ,,,~I . . I \ f\1 'VI' 

Q: 30 ...... I d ll' y \ .. ,.. . I \l . ~ 
::::> .... ' I f '\ 

.....,... _ _, 
.,_ -... ..., I 
<[ -'""' 0: 
IAJ 
Q. 

~ 
.20 

1.&.1 
..... 

10 .... ~-·. ... ... },,•··.: 

OCT 12 ·13· 14 

Tl ME 

Figure 9. Typical temperature pattern for conventional dryer. 

'· 41 



Equations predicting SEI from initial moisture and minimum ambient temperature 
were developed using multiple regression analysis for each system: 

Drying Time 

Solar-heated-air system 

SEI = -.1006 + .0464 M + .295 T 
0 

Solar-heated-water system 

SEI = 7.811 -.208 M + .393 T 
0 

Conventional system 

SEI = 9.230 -.255M + .248 T 
0 

where M = initial moisture content, %wet basis 
0 

T = minimum ambient temperature, °C 

There was no significant cl.i.fference (at 5% probability level) between the drying 
time with the solar-hcxl.ted-water system and the eunvcntional system. The solal'­
heated-air system required about twice as long to dry the peanuts as did either 
of the other systems. : 

Tt:IIIJ!t!L'd L lU'!:! 

The solar-heated-air system with no controls recorded the highest drying air 
temperature (44°C) (Figure 7). The high temperature, however, occurred for only 
a few hours each day, so the plenum temperature was near ambient most of the time. 

The solar-~eated-water system increased the temperature of the drying air by as 
much as 22uC, when the ambient temperature was low (Figure 8). The high tempera­
ture rise occurred because there was no limit on the temperature rise through the 
heat exchanger if the heated air temperature remained below 35·0 c. When the ambient 
temperature dropped to 10°C and the water in the tank was 25°C, the temperature 
rise was nearly 15°C from solar energy, plus an additional 8°C from LPG, without 
exceeding the 35°C maximum temperature. 

A 'typical temperature pattern for the conventional system is given in Figure 9. 

When the drying air temperature was near the set point of the thermostat, the 
LPG burner cycled every few minutes. Since temperatures were recorded only 
hourly, the plots in Figures 8 and 9 present a distorted picture of the drying 
air temperature record. 

Milling Quality 

There were no significant differences '(at 5% probability level) within tests, 
among the percentages of split kernels, in peanuts dried by the three drying 
systems. However, the percentages of split kernels varied widely among tests 
because of windrow and harvest conditions (Table 3). 

The difference between the percentages of split kernels in the top and bottom of 
the bin was significant (at 5% probability level) for all three drying systems. 
Peanuts in the top of the bin had about 25% less split kernels than the peanuts 
in the bottom of the bin. Harsh temperature conditions of the air entering the 
bin were moderated 'as the air moved up through th'e bin. 
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Table 3 •. Milling quality. 
Percent Sound SElit Kernels 

Solar Water Solar Air Conventional 
Test TOE Bottom TOJ2 Bottom ToE Bottom 

75-1 2.5a.Y 3.la 2.la 2.5a 2.3a 2. 3a 

76-1 l.la l. 6b l. 5b l. 5b 

76-2 2.la 2.5a 3.lb 3.7c 2.3a 2.2a 

76-3 2.2ab 3.7c l. 7a 2. 6b 

76-4 l. 7a 2.5bc 2.lab 2.8c 2.0a 2. 6bc 

76-5 2.7a 4. 5c 2.5a 3.8b 2.4a 4.0bc 

ysamples with the same letter horizontally are not significantly different at 
the 5% probability level. Vertical coluuu'!s are not comparable, 

Summary and Conclusions 

Tests showed that solar energy can be used to supply 50 to 60% of the energy 
needed for heating the air used for drying peanuts. If the energy is stored for 
use when the sun is not shining, the drying time can be comparable to that for 
conventional drying. Specific euergy input varied widely, depending on initial 
moisture, ambient condi lions and the drying time. 

Although the peanuts.dried by the solar drying systems were subjected to harsher 
temperature conditions than those dried by the conventional'system, the milling 
quality, as measured by the Federal-State grading procedure, showed no significant 
differences. 

Results of this. study showed the importance of selecting materials and using 
design techniques such that a solar collector will operate effi~iently and with­
stand adverse temperatures when not operating. 
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Introduction 

ThP rPc;ult.c; prPs~ntP.d in this paper are part of an over~ll Pro.iec;t on dr.vin~ 
and curing peanut pods with solar energy. Une paper titled "LirYH'l!J ar~d 1~ur1ng 
Spanish Pods With Solar Energy" describes results of the peanut drying studies 
and was presented before the American Peanut Research and Education Association 
in Dallas, Texas. in June 1976. 

Many solar collectors being Promoted for their high efficiencies are either 
complex in construction and/or have moderate to high initial costs. Therefore, 
it is desirable to design a low-cost, efficient solar collector that may be 
easily constructed. 

In most solar collectors for heating air, there is only one layer of absor­
bing material facing the sun and therefore heat transfer area is usually low .. 
With air, heat transfer coefficients are low, thus requiring large plate tempera­
tures for collection of substantial quantities of energy. These large plate 
temperatures increase collector heat losses to the atmosphere and therefore 
reduces the overall collector efficiency. 

Utilization of porous matrices as an absorber for solar collectors offers 
several advantages. First, such matrices have high heat transfer area to volume 
ratios, usually accompanied by high heat transfer coefficients. Higher heat 
transfer rates, due to larger area to volume ratio, results in reduced operating 
tP.mpP.ratures. A collector operatinq with low temPer~tyre differences will have 
less heat loss and hence higher efficiency. 

As implied above, an efficient low-cost collector design might be one in 
which a matrix of porous media is used as the absorber. One problem is to 
select a low-cost durable porous material that may be easily installed in solar 
collectors. Duralast filter material is a non-metallic, porous material· that 
satisfies these requirements and has several additional advantages •. It is 
lightweight, flexible, readily obtained in large quantities, and non-corrosive. 
The term matrix is used throughout this repprt to refer to a layer or bed of 
porous media having interconnecting voids. 

Accurate theoretical analysis of a matrix solar collector design provides 
the means of evaluation and prevents costly construction· and testing of addi­
tional models and prototypes. However, most available analytical solutions to 
heat transfer in matrix collectors have required complicated manipulations of 
differential and integral equations. Solutions to these equations are usually 
obtained by numerical analysis techniques with the aid of a digital computer. 
Thus, there is a need to develop a simplified method to theoretically evaluate 
the performance of a matrix solar collector for providing energy for drying 
peanut pods. · 
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Therefore, this paper presents the results and validation of a simplified 
theoretical technique for.predicting the performance of matrix absorbers for use 
in drying peanut pods. Validation of the results were obtained from experimental 
tests conducted on laboratory models while drying farmers' stock peanut pods and 
by comparing the simplified analysis with results of rigorous analyses available 
in the literature. 

Development of Collector Theory 

Several assumptions were made to reduce mathematical relationships governing 
flow and heat transfer characteristics of the matrix solar collector. It was 
assumed that axial and horizontal conduction through the non-metallic porous bed 
could be negl.ected. The bed was assumed to be a gr:-ay non-scattering body and to 
h.ave a constant absorption coefficient. ·The bed was considered to have a one 
dimensional steady-state temperature distribution within an isotropic porous 
media. Only .direct radiation effects were considered. However, diffuse radiation 
also contributes to solar radiation and can become significant in an overcast sky. 

Because of low temperature differences between the.matrix lower surface and 
the outlet air and between the outlet air and the front s1de of the collector 
back plate, heat transfer by radiation between 'these p~r~~ was neglected. Heat 
is transferred to air by convection as it makes contact with the top·matrix 
surface. However, most of this air passes directly into the matrix where it is 
heated as it makes contact with the matrix interior. No attempt was made to 
separate convection heat transfer on the top of the matrix surface from that 
occurring within the matrix bed. · 

Absorption of radiation by a partially transparent media can be described by 
Bouger's Law (3), which is based on the assumption that absorbed radiation is 
proportional to local intensity in the media and distance radiation traveled 
through the media.~nd is given by .the equation: 

di = aldx [1] 

Integrating the above expressions between the bed depth limits of 0 and L yields 

The ratio I /1 0 is used to determine the amount of solar radiation passing 
through thelmatrix layer unabsorbed. 

Negl~cting ·axial con~uction, an energy balance on a fluid element within 
the bed becomes 

[2] 

[3] 

and neglecting diffuse radiation effects, an energy balance on .the bed element 
(Figure 1) yields 

£quation 3 can be integrated from x = 0 to x = L yielding 

G Cp (Tfl - Tfo) - L hva· (Tba - Tfa) = 0 
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where Tba a·nd Tf=a a(e average bed and fluid temperatures, respectively, and hva 
is defined as liL fo hvxdx. Integrating equation 4 with the same limits of x 
yields 

Tela (1 - e-al) - Lhva (Tba- Tfa) - a!~Egx (Tbx4- Tc
4

) dx = 0 [6] 

The energy balance on the bed element is shown in Figure 1. Because of complexity 
and difficulty in determining Egx for this type of matrix material, it was assumed 
that 

may be approximated by 

' ' ' 

where e is the radiant interchange factor between two parallel plates and Tba is 
averagegbed temperature. This assumption means that reradiation from all po1nts 
within the matrix layer to the cover was approximated by assuming the matrix a 
flat plate at average bed temperature. Recall that eg is expressed as 

[7] 

Equation 3 and 4 must satisfy the boundary condition 

[8] 

where ifo is temperature of fluid entering the matrix layer. The above boundary 
condition and use of the Stefan-Boltzmann constant introduces convenient para­
meters which lead to the following dimension-less terms. 

Tfo*:: Dimensionless temperature ratio, T foiT fo = 

Tfl*:: Dimensionless temperature ratio, T fliT fo 

Tba "' :: Dimensionless temperature ratio, T baiT fo 

T fa* :: Dimensionless temperature ratio, T faiT fo 

T * :: Dimensionless temperature ratio, TciT fo c 
T Optical depth, ax 

e Dimensionless volumetric heat transfer coefficient, 

hva TfofaoTfo 
4 

r :: Dimensionless mass fl,ow r_ate, G Cp T fofoT fo 4 

~::Dimensionless direct solar r~diation, I01oTf0
4 
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Substituting the dimensionless term into equation 5 and 6 produces the dimen:. 
sionless equations·' · 

[9] 

Values of G, Cp, 1
0

, Tc, e and T are usually given or can be easily deter­
mined by measuring bed depth aRd the average matrix extinction coefficient. For 
this study, matrix inlet air temperature, Tfo• was assumed to be equal to tempera­
ture of atmospheric air, which is known for a given condition. This allows 
calculation of corresponding values of ~. Values of the dimensionless volumetric 
heat transfer coefficient, e, in equation 9 and 10 are usually unknown because of 
the difficulty of determining the volumetric heat transfer coefficient (hfvq). 
However, since dimensionless flow rate, r, is known, the term r (Tn* -1) 1n 
equation 9 can be substituted directly into equation 10 for T9 (Tba* - Tf1*) 
yielding the following equation. 

[11] 

Equation 11 has three unknowns, Tfl*• Tba*• and Tc*· Assumptions must be made to 
reduce the number of unknowns to one, Ttl*· 

Because of the collector design to insure ·that cool incoming air is always. 
in contact with the collector surface, temperature of the cover plate was assumed 
equal to temperature of the ambierit air, Tc = Tfo· This yields a value of 
Tc* = 1. 

Preliminary experiments with the test model indicated that bed temperatures 
at depths of 0.038lm were usually within lK of fluid leaving the matrix. Hamid 
and Beckman's (5) study of heat transfer in porous beds indicates that average 
theoretical bed temperature can be approximated to be equal to fluid temperature 
leaving the bed. This assumption contains an error of 3-5% for the range of flow 
rates and optical depths used in this study. From the above analogy, Tba is 
approximated by Tfl and hence Tba* .= Tfl*· · 

Substituting these approximations into equation 11 yields an equation with 
only one unknown, Tfl*• and can be implicitly solved by successive iterations. 

[12] 

Bed efficiency was calculated from the following equation and is designed 
as a ratio of actual temperature rise to ~aximum temperature rise. 

Assuming fluid properties can be evaluated at an average temperatur.e of 
Tfl• the temperature of the _air leaving the collector, and Tfe• the following 
energy balance yields a direct solution for Tfe· 
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The term T~~e-T in equation 14_ represents the amount of radient energy 
passing through the matrix unabsorbed. For relatively thick layers of matrices 
with moderate extinction coefficients this term usually represents a small portion 
of total radiation available at the bed's top surface. 

After solving equation 14 explicitly for Tfe*• overall collector efficiency 
can be calculated using equation 15. 

(Tf *- 1) n = r .... _ _.;..;:e~_....__ 
c ~ 

Collector efficiency is defined as the ratio of heat gained by air passing 
through the collector divided by total available insoJation normal to the 
collector's surface. · 

Results of the Study 

Matrix Porosity and Density 

[15] 

One of the important physical characteristics of a porous media (matrix) is 
porosity. Total porosity of a matrix is defined as the ratio of void volume to 
total volume. Effective porosity, however. is the ratio of the interconnected 
void volume to the total volume (9). The matrix used in this study. Duralast 
filter media, was unconsolidated (interconnected voids) and therefore assumed to 
have equal total and effective porosities. 

Equation 16 was used to calculate matrix porosity from the experimental data 
in Tabl@! I. 

). = [ 16] 

Calculated values of porosity from the experimental data are also listed in 
Table I. The average porosity was found to be 0.955 and all exper1menta1 va1ues 
are within 0.31% of the average. Also listed in Table I is the apparent or bulk 
density and the specific density of the matrix material. Porosity is the only 
matr-ix physical property used 1n theoret1ca1 evaluation of the solar collector. 

Matrix Friction Loss Characteristics 

In a matrix solar collector. friction loss through the absorber is usually a 
large percentage of the total friction loss through the collector. Therefore. 
in most cases. knowledge of matrix friction loss characteristics is adequate for 
collector evaluation. 

Data for friction loss through Duralast filter media are shown in Table II. 
The Reynolds number. Re. and Fanning friction factor. f, listed in Table II were 
calculated using the hydraulic radius of the matrix as the length dimension. The 
average matrix filament diameter was measured to be 0.0284cm. This value was the 
average of ten random samples with diameters ranging from 0.0213cm to 0.0368cm. 
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A plot of Reynolds number versus friction factor is plotted in log-log 
space in Figure 2. A least squares regression analysis of the data in rectangular, 
semi-log and log-log coordinate systems indicated that log-log coordinates yielded 
the best fit. The friction factor is defined by the following equation. 

f = 42.4 Re-0•464 [17] 

The regression correlation coefficient was 0.923 with a standard deviation of 
1. 10. 

Chiou (1} studied the effects of Reynolds number on friction loss through 
slit-and-expanded aluminum-foil matrices. One type of matrix used in his study 
had a porosity of 0.962, very similar to that of Duralast filter media with the 
porosity of 0.955. Results of this s"tudy were compared with results from Chiou's 
study for Reynolds numbers between 3.0 and 30.0. Friction loss coefficients for 
Duralast filter media were found to be 2.0-4.0 times as high as those for thiou;s 
matri~/~aterial. Coppage and London (2} reported for wire-screen matrices, that 
St Pr was of the order f/10 indicating the heat transfer capability of Duralast 
filter media is 2.0-4.0 times that of the aluminum-foil _matrix used by Chiou (1}. 

Average Extinction Coefficient 

The extinction coefficient, e. is defined as the slope of the curve of the 
logarithm ratio of emerging to incident energy versus thickness of the matrix. 
A least squares linear regression analysis on experimental data is plotted in 
Figure 3 and yields an average extinction coefficient of 187.8 m-1 with a regres­
sion correlation coefficient of 0.992 and standard deviation of 0.281. Theoreti­
cally, the intercept coefficient of 0.954 in Figure 3 should be 1.0; however, this 
difference is partially due to experimental error encountered in measuring bed 
depth and in the transient characteristics of the solar system. Bed thicknesses 
exceeding 0.038m absorb~d over 99.9% of incident radiant energy. 

Transmittance of the six mil polyethylene cover was measured and yielded 
an average value of 0.885. These data produced a standard deviation of 0.009. 
In their study of greenhouse covering materials, Duncan and Walker (4} list values 
of 0.85-0.88 for effective transmittance of six mil clear polyethylene. These 
values agree quite well with those measured in this study. 

Matrix Solar Collector 

Equations 11, 12, 13, 14 and 15 were solved simultaneously for atmospheric 
conditions similar to those encountered in actual experiments. Listed below are 
numerical values of environmental conditions and collector physical parameters 
used in the theoretical collector analysis. 

eb = 0.95 

ec = 0.90 

Tc = 0.885 

Tfo = 305.2 K 
2 ! 0 = 916 w/m 

AL = 1.58 m2;m2 
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UL 1.68 w/(m2-K) 

ljJ I0 /crTfo4 = 1.87 

<P AL UL TfcfcrTfo 4 = 1.65 

Results of the theoretical analysis showing effects of dimensionless flow rate 
on bed and ·collector efficiencies are shown in Figure 4. At a dimensionless flow 
rate of 31.2, bed efficiency is 13.3% higher than collector efficiency. Figure 4 
illustrates that increasing dimensionless flow rate beyond 20 results in little 
increase in bed or collector efficiency. 

A least squares regression analysis was used to fit experimental data on 
rectangular, semi-log, and log-log coordinates. Comparison of the regression 
correlation coefficient, coefficient of variance, standard error, and F statistic 
in analysis of variance of regression coefficients were used to select best fit 
equations to represent observed data. 

Table III is a condensed record of experimental data recorded during 
prototype studies conducted in June 1976. Insolation during any test varied not 
more than 8% from its average value over the test Period. Insolation for all 
tests ranged from 793 wjm2 to 985 wjm2-while ambient temperature varied from 
25.8 oc to 33.9 oc. The average dimensionless insolation, 1)!, in Table III, is 
1.87 and equals the value used in the theoretical analysis. Average ambient 
temperature of observed data was 31.2 °C. This compares quite well to the value 
of 32.0 oc used for theoretical analysis. 

A plot of observed data for collector efficiency as a function of dimension­
less flow rate is shown in Figure 5. Equation 18 is the empirical equation 
selected to fit the data. 

[18] 

The above equation was selected because it satisfied the boundary condition, 
nc = 0 at r = 0, and fit the data quite well. Analysis indicated a regression. 
correlation coefficient of 0.971 and a standard deviation of 2.62. 

Theoretical collector efficiencies are also plotted in Figure 5. Predicted 
collector efficiency fit the observed data for dimensionless flow rates less than 
5.0. However, as dimensionless flow rates increase above 5, error in predicting 
collector efficiency increased. It appears that accuracy of predicting collector 
efficiency is related to collector flow rate. Before an attempt to identify 
sources of error, experimental data from another reference was used to further. · 
test accuracy of the analytical solution (5), 

Hamid and Beckman's (5) study of performance of air-cooled radiatively heated 
screen matrices dealt with a similar design as the one used in this study. A 
small test box was constructed and two different specimens of stacked wire screens 
were subjected to collimated radiant flux and a normal flow of atmospheric air. 
They compared their experimental data with analytical results from previous 
research (6) on transpiration cooling of radiatively. heated porous beds. 
Figure 6 illustrates the accuracy they obtained in analytically predicting matrix 
bed efficiency as a function of collector dimensionless flow rate. 

Using the theoretical analysis developed-earlier, bed efficiency of Hamid 
and Beckman's (5) matrix was calculated and is shown in Figure 6. The same 
boundary conditions were used in both studies. llowever, their analysis considered 
both direct and diffuse radiant flux and treated them separately. The solution 
developed in this study considered a total incident radiant flux equal to the 
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combined value of direct and diffuse radiation used by Hamid and Beckman (6). 

Comparison of the curves in Figure 6 was used to verify the assumptions and 
approximations presented earlier for calculated bed efficiency. However, predic­
tion of collector efficiency, as described earlier, using thes~ assumptions 
results in considerable error, as m~ch as 24%. · 

One~ource of error could arise from the assumption of one-dimensional steady 
flow normal to the matrix. Location and size of inlet ports around the collector 
parameter causes non-uniform air flow through the matrix bed. Turbulence of air 
at high velocities as it passes through inlet ports results in a three-dimensional 
flow regime through the matrix. This causes non-uniform horizontal temperature 
gradients and heat flow through the matrix by conduction and convection. 

Another possible factor resulting in large prediction errors at high flow 
rate is that the triangular-shaped plenum inlet was designed for low to moderate 
flow rates. This results in non-uniform air flow when flow rate varies widely 
from its original design condition. Non-uniform air flow through the matrix ~Jill 
create "hot spots" or concentrated areas of high temperature, thus causing excess 
heat loss by reradiation and convection to the collector cover. 

Another probable cause for prediction error could be the lack of air flow 
through the matrix in the corners and in narrow widths adjacent to collector side 
walls. No attempt was made in the analytical solution to account for the lack of 
air flow through portions of the matrix. In summary, non-uniformity of air flow 
through the matrix is probably the most important factor that affects accurate 
prediction of collector performance. As collector sizes increase to prototy~e 
size rather than experimental models, these errors will likely decrease. 

Experimental data and the analytical solution showing effects of dimensionless 
flow rate on collector outlet temperature ratio are plotted in Figure 7. Data.were 
transformed to log-log coordinates and least squares regression was used to deter­
mine the coefficients in equation 19. 

Tfe* = 1.18r-0.0382 [19] 

The regression correlation coefficient and standard deviation are 0.945 and 0.007, 
respectively. 

Figure 8 shows the effect of dimensionless temperature ratio, Tfe*• on 
collector efficiency. A second degree polynomial was found to produce the best 
fit equation. However, one should use equation 20 with caution when extrapolating 
beyond the range.of this study. 

[20] 

The regression correlation coefficient and standard deviation for equation 20 are 
given in Figure 8. 

Summary and Conclusions 

A matrix solar collector for drying oeanut pods was designed and constructed 
for an initial materials cost of $20.00/mZ. A series of tests were conducted to 
evaluate physical properties of 1.9lcm Duralast filter media being used as the 
absorber. Experiments were also conducted to obtain actual data on collector 
efficiency. Collector flow rates ranged from 0.30 to 2.52 m3/(min-m2). These 
data were used to verify a theoretical analysis of the collector. 
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The following conclusions were based on interpretation of observed and 
lnalytical data analysis conducted during this study. Caution should be taken 
when extrapolating values beyond the scope of this study. 

1. Bed efficiency was theoretically predicted with 94% accuracy. 

2. Collector efficiency of the design used in this study was theoretically 
predicted with a maximum error of 24%. Howevet·, error in predicting 
collector efficiency decreased with flow rate. 

3. The simplified theoretical analysis can be used to evaluate matrix solar 
collector performance for flow rates less than 0.15 m3(min-m2) with a ·· 
maximum error of 16%. · 

~. Tt1e Gulle~Lor design utili:dno il l.'llcm layor of Dur~last filtF>r mP.dia 
for a matrix absorber yielded a low-cost ($20/m~) efficient (maximum 
efficiency of 60%) solar collector that may be used for drying agricul­
tural crops. 

5. A sola~ peanut drying system using matrix solar collectors can become 
~cnu111ically feasible if other uGcc aro found for the ('QllPrt.nr rluring the 
off-drying season. · 

6 .. The.collector was successfully;incorporated into a peanut drying operation 
and'utilized over 50% of available insolation for eight hours each day. 

7. A collector area three to five times that of dryer floor area provided 
sufficient temperat~re rises (greater than 10 °C) needed for adequate 
peanut drying in central Oklahoma. 

8. Operating the collector above 1.5 m3/(min-m2) did not result in any 
significant inc·rease in efficiency. 
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cP = 

of 

dp/dz 

eb = 

• "' c 

eg = 

E:gx 

f 

G = 

Re = 

-· 
T * = c 

Tf = 

Tfa 

Tta* = 

Tfl* 

Tfo 

Tfo* 

Tfx 

Nomenclature· 

Heat transfer area subject to conduction per unit of collector area, 
m2fm2 

Specific heat of fluid, w-hr/(Kg-K) 

Average d1ameter uf matrix filaments, m 

Pressure drop across matrix layer per unit depth, Pa/m 

Emissivity of bed 

Emi~~ivity Of COVPr 

Radiant interchange factor between two parallel plates 

Radiant intP.rchaoge factor between collector cover and point x in 
matrix layer, m-1 

Fanning friction factor, 2rh (-dp/dz)/pau2 

"1. 
Mass flow rate per unit area, Kg/(hr-mL} 

Volumetric heat transfer coefficient at point x;in the bed, w/(m3-K) 

Emerging solar radiation normal to absorber, w/m2 . 

Direct solar radiation normal to collector cover, wtm2 

Total matrix thickness, m 

Reynolds number, 4rh (-dp/dz)/pau2 

Hydraulic radius of matrix, rh = DfX/4 (1-X), m 

Average bed temperature, K 

Dimensionless temperature ratio, Tba/Tfo 

Temperature of bed at x, K 

Temperature of cover plate, K 

Dimensionless temperature ratio, Tc/Tfo 

Temperature of fluid, K 

Average fluid temperature, K 

Dimensionless temperature ratio, Tfa/Tfo 

Dimensionless temperature :atio, Tf1/Tfo 

Temperature of fluid entering matrix, k 

Dimensionless temperature ratio, Tf
0
/Tfo = 1 

Temperature of fluid at x, K 
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u = Velocity of air through matrix voids 

u· 
L 

Vi 

Vw 

X 

B 

nb 

nc 

r 

A. 

j.l 

1jJ 

~a 

a 

'!" 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

Overall heat transfer coefficient for collector walls and back plate, 
w/(m2-K) · 

Total sample volume·, cm3 

Volume of water displaced by submerged sample, cm3 

Dist~nce from top _of bed surface, m 

Average extinction coefficient of bed, m-1 

Matrix bed collection efficiency, % 

Collector efficiency, % 
. 4 

.Dimensionless mass flow rate, G Cp Tf
0
/crTfo 

Porosity, % 

Dynamic viscosity of air, kg/(m-sec) 

Dimensionless direct solar radiation, 

Density of air, kg;m3 

Stefan-Boltzmann constant, w/(m2-K4) 

Optical depth, Bx 

'~"c = Effective transmittance of collector cover 

e = Dimensionless volumetric heat transfer coefficient, 
hva Tfo/BaTfo4. 
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'· TABLE I 

MATRIX POROSITY AND DENSITY 

sample Total Vu 1 Ulll~ Md~~ 
Thick Silmplc of of .Apparent Sped fir. 

Sample ness Volume Sol~d Sample Density Densi~y 
I. D. em em3 em g Porosity g/em3 g/em. 

1 1. 91 282.9 13.5 14.75 0.952 0.0521 1.09 
2 1. 91 284.8 12.5 14.75 0.956 0.0518 1. 18 
3 1. 91 291.5 14.2 1'6. 50 0.953 .. . 0.0535 1.09 

\ 

1 1. 27 170.4 7.2 8.88 0.958 0.0521 1.24 
2 1.27 177.5 8.0 9.40 0.955 0.0530 1.18 
3 1.27 174.4 7.7 9.53 0.956 0.0533 1.24 
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TABLE II 

MATRIX FRICTION .LOSS CHARACTERISTICS 

Air Pressure Friction 
Velocity Reynolds Drop Factor 

u Number dp/dz (Fanning) 
.Rep (m/sec) Re (Pa/m) f 

1 0.0091 3.27 0.92 28.14 
2 0.0098 3.52 l. 15 . 30.13 
3 0.0111 4.00 0.92 18.74 

1 0.0117 4.22 1.27 23.20 
2 0.0111 4.00 0.92 18.76 
3 0.0128 4.61 l. 15 20.14 

1 0.0148 5.34 1.62 18.45 
2 0.0148 5.33 l. 73 19.78 
3 0.0148 5.33 l. 73 19.77: 

1 0.0216 7.78 3.23 17.38 
2 0.0234 8.43 3.58· 16.35 
3 0.0227 . 8.21 2.77 13.32 

1 0.0366 13.22 6.81 12.70 
2 0.0369 13.25 6.23 11.51 
3 . 0.0373 13.39 ~.46 11.69 

1 0.0392 14.13 7.62 12.43 
2 0.0387 13.91 8.54 14.32 
3 . 0.0389 13.97 7.16 11.89 

1 0.0598 21.57 15.12 10.58 
2 0.0598 21.48 13.85 9.73 
3 0.0597 21.44 14.08 9.93 

1 0.0626 22.58 16.28 10.40 
2 0.0625 22.45 16.16 10.40 
3 0.0625 22.44 15.81 10. 17 

1 0.0643 23.20 16.51 9.99 
2 0.0641 23.04 16.97 10.37 
3 0.0641 23.03 16.51 10.09 
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TABLE III 

MATRIX E~TINCTION COEFFICIENT 

~ Bed 
:Thickness 

L 
(m) 

0.000 

0.0127 

0.0191 

0.0254 

O.O::!Rl 
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Ratio of 
Emerging to 

Incident Enerqy 
IL/IO .. 

1.000 

0.0870 

0.0322 

0.0054 

0.0009 

-------------, 



f 

Matrix Bed 

! 
· Figure 1. Energy Flow Terms for a Matrix Bed Element 
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INTRODUCTION 

Even though solar radiation is considered to be an unlimited source of 
energy throughout the universe, specific quantities of this energy over any 
finite area are very limited. In fact, it is of such a limited quantity 
when considered for crop drying that if 100 percent of the solar radiation 
striking the earth's·surface each day could be collected, it would still 
require approximately 0.52 square feet (sq. ft.) of collection area per .cubic 
foot of natural gas replaced. This is a significant problem since present 
drying procedures require about 16.5 cubic feet of gas to-dry- each 100 pounds 
of peanuts. 

Approximately 78 million cubic feet of natural gas are consumed in Texas 
each year to dry peanuts (1). * This quantity has been of little importance . 
in the past since fossil fuels were considered an abundant source of cheap 
energy. This is no longer the case since our demand now exceeds the supply. 
The utilization of other available sources of energy for peanut drying is 

, imperative if the industry is to continue to supply a high quality product 
to the. consumer. Past accomplish!T!I?nts :i.n SQlar-cooling technol"8Y :i.ndicatl?. 
that cooling. systems powered by solar energy could be available in the very 
near future. Results of research conducted on the use of cooling systems for 
drying peanuts are presented in this report. 

STATE OF THE ART 

Until recent years, radiation from the sun was the primary source of all 
energy being utilized on earth. Through the ages solar energy has been 
harnessed and stored by growing plants and then converted by nature into the 
fossil fuels of today. The solar energy received by the earth is estimated to 
be 100,000 times as great as the world's present electric generating power 
capacity. 

The average solar energy incident upon a unit surface normal to the solar 
beam at the edge of the earth's atmosphere is 442 Btu per __ ho!-Jr per sq. ft. 
Much of this energy is dissipated in the atmosphere while enroute to the earth. 
The average daily in~idence of solar radiation at the earth's surface has been 
determined to be about 1500 Btu per day per sq. ft. This is equivalent to 
44 kwh of energy per day for every 100 sq. ft. of area. Becker and Boyd (2) 
report that a maximum value of 2650 Btu per day per sq. ft. is reached during 
June and July for most areas in the'United S'tlites. ~Incident solar radiation may 
vary with cloudiness, time of day, season of the year, and the latitude and 
altitude at which the measurement is being made. An everlasting supply of 
energy is thus available, and the challenge is to harness it in some way t~ 
serve man. 

* Numbers in parentheses refer to references. 
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There is less information in the literature concerning the effective 
utilization of this energy. In order for solar energy to ·be: utilized, it must 
first be collected and concentrated. into a relatively high temperature or it must 
be converted into some other form of energy. The energy collection involves 
an accumulation process which is a function of the solar collec.tor. Two 
kinds of solar collectors in use today are non-concentrating or the flat-plate 
type and the concentrating or focusing type. The former functions best for 
lower temperature applications (100 to 175°F) while the latter is more 
appropriate for higher temperature applications. Thermal efficien~ies for flat­
plate collectors have· ranged from 40 to 60 percent (3). The plate collectors 
usually cost less to construct, need no tracking device and have the ability 
to collect both diffused and direct s·olar radiation. The collec;tor efficiency 
reduces as the operating temperature is increased. 

Hot water obtained from solar collectors can be converred into cold air 
by using conventional absorption refrigeration machines. Because of its 
compactness and vibrationless operation, it can be installed anywhere space 
:md a hoat source arc available. It uoes the eheapeBt; safest and moat 
available of all refrigerants, ordinary tap water (4). Its absorbent is a 
simple salt. The use of absorption refrigeration systems powered by solar 
collectors has received some attention in the agricultural structures field. 
White and Isaacs (S) reported peak cooling rates of approximately 60 Btu per 
hr. per sq. ft. of collection area utilizing this solar cooling method. Peak 
energy available for storage ranged around 180 Htu per hr. per sq. ft. 

Successful use of a cooling medium for drying agricultural products appears 
to center around a modified heat pump principle. This modified cycle would not 
only use the heat of the condensing refrigerant but also the evaporation of 
this same fluid. In a practical application, air leaving the drying product 
would be passed over the evaporator to extract moisture, then to the condenser 
unit to be heated before being moved back through the product. This system 
would result in a closed-air cycle with little dependence on the ambient 
conditions. Flikke, et al. (6) studied this principle many years ago for 
grain drying. They reported that 6 pounds of water could be removed per hr. 
from grain for each 10,000 Btu per hr. refrigeration capacity. The most 
recent efforts in use of a heat pump in a closed-air cycle have been reported 
by Ayers, et al. (7). Their analysis of the First-Law-of-Thermodynamics shows 
this to be the most energy-efficient dryer possible, as no energi losses to 
ambient are present. 

MAT~RIALS AND METHODS 

The materials and methods presented in this section .of the report will 
describe only those used during the past field testing period. They were 
actually developed over a three-year research program conducted by th~ Te~a~ 
Agricultural Experiment Station, of which the final year was supported by the 
Energy Research and Development Administration (ERDA). Severa~ changes were 
made in the materials and methods used during the developmental period in 
order to accomplish the objectives of this research. Those given in this 
report represent the most advanced and suitable ones for actual practice. 

A small-scale 4 ft. x 4 ft. x 8 ft. drying bin was constructed for these 
tests, Figure 1. It was made of plywood with a perforated metal floor 
installed 1 ft. from the bottom. The bin was loaded to a depth of 5 ft. with 
partially field-cured peanuts during each drying test. The approximate initial 
weight of wet peanuts was 1 ton. The schematic of the closed-air drying system 
is shown in Figure 2. The system was composed of the following components: fan, 
evaporator coil, condenser coil, auxiliary condenser coil, vapor-compression type 
refrigeration compressor, and related refrigerant components. Figure 3 shows 
a schematic of the refrigeration system. ' 
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Figure 1. Experimental peanut dryer utilizing the closed-air 
principle. 

!....oRATOR COIL 

AI" 'LOW .:::;::::::!> 

OftVING liN 

fAN COND!NS!It CCHL 

Figure 2. Schematic diagram of the closed-air system for 
drying peanuts. 
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Figure 3. Schematic diagram of refrigeration system used in 
closed-air dryer. 
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Since the performance of the closed-air system depends to a great extent 
on the individual components, a brief description of each is necessary. 

FAN: direct-drive, forward curved centrifugal blower capable of 
delivering approximately 1000 CFM under test ·conditions; blower 
driven by 1-1/2 hp motor 

EVAPORATOR COIL: nominal 3-ton capacity 
CONDENSER COIL: nominal 3-ton capacity 
AUXILIARY CONDENSER COIL: nominal 5000 BTUH capacity with a 

~huLter-mounted exhaust fan rated at 520 CFM 
f ree delivery 

REFRIGERATION COMPRESSOR: high temperature, R-22, hermetic compressor 
with nominal capacity of 16,700 BTUH under 
standard rating conditions 

It should be pointed out that the evaporator and condenser coils have a 
somewhat higher rating than the compressor. These coils were used during the 
fir3t two yearn of the sys;to;>m rl"'"'"lnpmPnt period. at which time a larger 
compressor was under test. When ~he above ll~L~J compressor wao incorporated 
into the present system, the coils were retalned in order to tes t the system 
under the most efficient operating conditions. These coils actually represent 
approximately 25 percent over design when the compressor was under test 
conditions. 

Two drying te~L runs were conducted during the past harves t season at the 
Texas A&M University Research and Extension Center at Stephenville, Texas. 
TI1ls Center is located in the major peanut producing area of Texas and there­
fore the test conditions were similar to those which would be encountered on 
a full scale. The dryer was located under an open shed to simulate actual 
practice. Spanish variety peanuts were grown at the Center where they were 
dug and handled in the same manner as they would have been for conventional 
dryers. The only difference was the equipment used for drying. 

Two drying test runs were conducted in early November during the 1976 
harvest season. Peanuts used for both runs were partlally field cured prior to 
combining and mechanical drying. When the peanuts reached a pod moisture 
content of approximately 23 and 26 percent for Runs 1 and 2, respectively, they 
were combined and loaded into the dryer. The drying tests were initiated 
within 1 hr. a f ter the dryer was loaded. 

RESULTS 

The conditions under which the two test runs were conducted were not 
exactly the same; theretore, the runs are nul LL~dl~u as stati3tical replica­
tions. The peanuts used for the runs were harvested at different times and 
from different fields which caused several uncontrolled variables. The most 
imporL~nt differences occurred in the condition of the peanuts and the ambient 
temperatures under which the tests were conducted. The peanuts used in Run 1 
were extremely dirty while those used in Run 2 were more similar to those 
normally received at the buying stations. Also, the average ambient dry-bulb 
temperature during Run 1 was 54.8°F whlle the average during Run 2 was 60.5°F. 

Even though the test conditions were somewhat different for the two test 
runs, test results were similar. The numerical numbers were not the same 
for both test runs but the same patterns and characteristics were fulluw~J. 
Since both runs exhibited similar results, all the test data will not be presented 
in this report. Some of the results will be illustrated with data collected 
during Run 1 whlle ullters will be shown with data obtained during Run 2. 

Theoretical System Characteristics 

The principle of the closed-air system is quite simple and the design is 
fairly straightforward once the system characteristics are understood. The 
basic psychrometric process for the closed-air system is shown in Figure 4. 
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Figure 4. Basic psychrometric process for the closed-air system. 

State 1 represents the design conditions for the system. In the case of a 
peanut dryer, these conditions are normally 90-95°F dry-bulb temperature w~th 
a relative humidity in the 40-50 percent range. Air conditions shown at 
State 1 are established by the heat pump equipment and represent the desired 
plenum conditions. State 2 is the point at which the air leaves the dryer. 
Since the drying process is considered to be adiabatic, the wet-bulb temperature 
at State 2 is normally within± l°F of the wet-bulb temperature at State 1. 
Theoretically it will be the same enthalpy at both states except for the water 
added to the system. It should be noted that the conditions represented at 
State 2 are continuously changing. At the beginning of the drying.process the 
exhaust point will be near saturation while at the end it will approach State 1. 
Air leaving the wet product in a closed-air system will then enter the evaporator 
coil of the refrigeration system. The change in the air properties through the 
evaporator is shown· from State 2 to State 3 in Figure 4. This causes the air 
to be cooled to below its dew point temperature and consequently lowers the 
specific humidity. After the air passes through the evaporator it then is 
heated sensibly by the condenser coil, State 3 to State 1 or 4, depending upon 
system design; 

In theory, the main advantage of the closed-air system for drying peanuts 
is twofold. One advantage is that it allows the engineer to design the dryer 
for the optimum air conditions required for peanuts regardless of the ambient 
conditions.'· Second, it offers a simple method of maintaining the designed 
conditions. All .that is required in this case is for the condenser coil to 
release the same quantity of heat to the ai·r stream as the evaporator coil 
removed. This is illustrated in Figure 4 by llh1·· If the system is designed 
properly.then llh 1 represents the change in enthalpy of the air across the 
evaporator as well as across the condenser. This being the case, State 1 must 
then represent the air leaving the condenser, which was the original design 
condition for the air entering the peanuts. · 

The principle theory of the closed-air system does not hold up in actual 
practice due to the heat of compression of the refrigeration machine. Conse­
quently, the air leaving the condenser will not be at State 1 but will approach 
State 4. This causes the system to go out of control and results in a steady 
increase in the design dry-bulb temperature. To prevent this uncontrolled 
condition, some method must be employed to offset the llh2 in Figure 4 resulting 

71 



from the heat of compression: There are several methods at the disposal of the 
designer. The one found to be the most suitable for peanut dryers was the 
incorporation of an auxiliary condenser coil with a capacity of ~h2. 

The auxiliary condenser used in this research was piped in series with the 
main condenser coil so that there.was full flow of refrigerant through it at 
all times. This auxiliary coil had a built-in shutter-mounted exhaust fan 
in order to pull outside air through it. This removed the excess heat caused by 
the work done on the refrigerant. Since it was difficult in the early stages 
of the research to design the auxiliary coil to remove the exact amount of excess 
heat, an over design was made. To maintain the proper design conditions with 
this oversized coil, the auxiliary condenser coil fan was cycled by a thermostat 
sensing the dry-bulb temperature in the dryer plenum. When the temperature 
of the air entering the peanuts reached the set point of the thermostat the fan 
would cycle on to remove heat from the closed-air system by exhausting it to 
the atmosphere. The resulting swing in the design temperature in the experi­
mental dryer was 7°F. This figure can be reduced by 'reducing the size of the 
auxiliary coil, limiting the airflow across it, or redesigning the refrigerant 
piping system. The.designer should not attempt to reach a perfect balance 
in this system since no control can be maintained over the temperature of the 
outside air passing through the auxt)iary conden:::H:r. 

Test System Characteristics 

The psychrometric process of the closed-air system under test conditions 
is given in Figure 5. This instantaneous reading was taken 12.5 hours after 
the drying process was initiated and conforms very closely to the theoretical 
process. Data coll~cted later on in the drying period did not conform as well 
because of the problems encountered with instantaneous readings. Factors 
such as changes in the air conditions leaving the peanuts, modulation of the 
expansion valve and cycling of the auxiliary condenser fan cause these readings 
to vary at different rates. 

The performance of the condenser coil during Test Run 1 is shown in 
Figure 6. These curves were plotted as second order functions to illustrate 
the trends. The average temperature entering and leaving the condenser was 
64.3°F and 87°F, respectively. It should be pointed out that i lot of the 
deviation of individual points away from the curves was due to the cycling 
of the auxiliary coil. These data were recorded periodically without regard 
to the auxiliary coil operation. If it is assumed that there was an equal· 
probability of coil operation each time the data were collected·, then there 
was a gradual decrease in the ?ir temperature leaving the condenser coi~. 

It appears at the present time that the major cause for this decrease was 
related to the ambient conditions under which the system was operating. 
Arnb~ent dry-bulb temperatures below approximately 50°F caused the air tempera­
ture entering the peanuts to drop below the design point .. For example, the air 
temperature leaving the condenser coil in Run 1, Figure 6, was fairly constant 
for the first 30 hrs. of drying. The average leaving temperature up to this 
time was 91.3°F. However, as the ambient temperature decreased it caused the 
temperature of the air entering the condenser to decrease which resulted in a 
decrease in the leaving temperature. The effects of the ambient temperature 
on the condenser coil entering temperature are related to the evaporator coil 
performance and are discussed later in this section. 

The air conditions entering the peanuts are shown in Figure 7. The gradual 
decrease in the air temperature leaving the condenser coil is reflected in this 
graph. The average dry-bulb temperature entering the peanuts during the drylng 
period was 87.3°F with a maximum and minimum of 95°F and 78°F, respectively. 
The minimum temperature encountered was much lower than the design temperature; 
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however, the gradual decrease mentioned above occurred only during the last 
9 hrs. of drying. The average temperature entering the peanuts up to the time 
the ambient temperature influenced the conditions was 91.6°F with a minimum 
of 87.5°F. The relative humidity of the drying air averaged 46 percent during 
this test run. The maximum and minimum were 51 and 43 percent, respectively. 

The air conditions leaving the peanuts during the drying stages in the 
closed-air system are illustrated in Figure 8. Test Run 2 is shown in this 
case since this run was not significantly influenced by ambient conditions. The 
dry-bulb temperature of the air leaving the peanuts gradually increased as the 
peanuts became drier. This is normal because there l:s less moisture baing 
evaporated in the dryer toward the end of the drying process. This is illus­
trated by the decrease in the exhaust air relative humidity. 

The air conditions leaving the peanuts in a closed-air system are the 
conditions entering the evaporator coil. Typical conditions shown in Figure 8 
are essential to maintain the design conditions entering the peanuts. During 
the early stAgP.s of the drying proce:>s the dry-bulb temperature is l.ow due to the 
evaporative cooling whlch Lakes place in the drying bin. This is important 
because proper control of the entering air temperature to the peanuts depends 
upon a constant temperature leaving the evaporator, neglecting effects of the 
heat of c.nmpression. To m.qi.ntain a constant temperature of the air leaving the 
evaporator during early stages of drying, it is necessary to have a reasonably 
low entering temperature because the majnr portion of the load on the coil is 
l . .<if:Pnt. As the drying process approaches the final desired moisture content, 
the load changes to sen"sibl.e. This is significant trom a c6rterol stamlpuluL 
because as the load on the evaporator shifts to a sensible load, the temperature 
entering the coil increases at the same time. The overall result is a fairly 
uniform temperature leaving the evaporator coil. 

The change of the latent and sensible loads on the evaporator coil in a 
closed-air system is shown in Figure 9. These curves represent the accumulated 
pounds of water condensed and drained from the evaporator coils during drying. 
It can be seen that during the final drying periods the slope of the curves 
were much less than at the beginning. This indicates a substantial reduction 
in the coil latent load with drying time. No correlation of the total amount 
of water removed from the system with pod moisture contents should be attempted 
because of the quantity of foreign material present. 

In the case of Run 1 when the ambient temperatures decreased below 50°F 
during the later stages of dryj.ng, the temperature leaving the evaporator could 
not be held constant. Heat losses from the dryer to the atmosphere. at these 
low temperatures prevented the dryer exhaust air temperature from rising, 
Figure 10. Consequently, when the load on the ooil shifted to a sensible l.oad 
there was not an accompanying increase in the entering temperature. This 
allowed the coil to pull the leaving air temperature down below· that required 
to maintain the design temperature of the dryer. 

The air temperature changes across the condenser and evaporator coils during 
Run 1 are shown in Figure 11. This again shows the increased sensible capacity 
of the evaporator coil as the drying process progresses. Since low ambient 
conditions prevented the evaporator coil entering air temperature from increasing, 
the lower enteri.ng conditions to the condenser coil influenced the temperature 
rise across the condenser because the head pressure was substantially lowered. 

Drying Rate 

The typical moisture loss versus drying time curves for different depths 
of peanuts in the closed-air system is given in Figure 12. The depths recorded 
on this graph represent the depth from the bottom of the drying bin. This 
graph shows that the peanuts located near the top of the dryer, 4-ft. depth, 
dried to 10 percent pod moisture con~ent in· approximately 39 hrs. Those 
located 1 ft. from the bottom required only 28.5 hrs. to reach 10 percent. This 
resulted in a 3 percentage point spread between the top and bottom of the 
dryer which is slightly above that of conventional dryers operating under an 
equivalent airflow rate of 16 cfm/bu. The difference in the other test run 
was only 2 percentage points. 
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The overall drying rates based on the average moisture content throughout 
the peanuts was 0.34 and 0.44 percentage points per hr. for Test Runs 1 and 2, 
respectively. The relationships of the moisture contents of pods located at 
the top of the dryer with drying time are given in Figure 13. 

System Efficiency 

A summary of the data collected on the energy requirements and efficiencies 
to dry approximately one ton of wet peanuts is listed in Table 1. The total 
energy consumed in removing 345.5 lbs. of water in Run 1 was 139 kwh. A plot of 
the accumulative input energy is given in Figure 14. The peak total power was 
approximately 3400 watts while the power required to drive the compressor 
averaged about 2300 watts during the test. The average capacity of the system 
was 25,369 BTUH with an average energy efficiency ratio (EER) in BTUH/watt 
of 11.1. This EER was calculated for the refrigeration system only. It 
is assumed in this report that the same fan requirements exist regardless of the 
source of heat. A total of 135 kwh were consumed to dry peanuts during Run 2. 
The compressor required-91.5 kwh of this 'total and had an average capacity and 
EER of 24,8 7 4 BTIDI and 10. 3, respectively. -

Spot-checking the performance of the system during the test runs revealed 
a fluctuation in the heat capacity of the system from 19,398 to 28,640 BTUH, 
Figure 15. This fluctuation was due to the operation of the auxiliary condenser 
coil which was used to maintain the design dry-bulb temperature. The auxiliary 
coil fan cycle varied with the condition of the system.and outside temperatures. ' . (.. ~ (,; ' . 
The on-cycle averaged 1. 4 minutes and varied from ~. 6 to. 1._87 minutes during 
both test runs. The off-cycle varied· from 2.39 to 5.15 minutes with an average 
of 3.51 minutes. This cycle produced a temperature cycle of approximately 
7°F and a condenser coil capacity range from 20,503 to 27,188 BTUH. The corres­
ponding change in the heating EER due to the auxiliary coil was from 8.5 to 11.3. 
Figure 16 shows the heating EER at different times during the te·sts. 

The average coefficient of performance (COP) of the heat pump was 3.25 
during Run 1 and 3.02 during Run 2. The maximum and minimum COP was 3.43 and 
2.37, respectively. The maximum theoretical COP of the heat pump operating on 
the vapor-compresSion cycle can be calculated from the following equation (8): 

COP 
T 

c 
T -T c s 

where Ts :evaporator temperature, °F absolute 
Tc ·condenser temperature, °F absolute 

Based on the average conditions encountered in this research, the maximum 
theoretical COP of the closed-air system for drying peanutS using the vapor­
compression cycle was 42 and 48 for Runs 1 and 2, respectively. 

The typical vapor compression refrigeration cycle during the closed-air 
system test is plotted on the pressure-enthalpy diagram in Figure 17. Point A 
represents the state at which the liquid refrigerant entered the expansion 
valve. At the time these data were collected, point A was well into the sub­
cooled region. The liquid is expanded at a constant enthalpy through the expansion 
valve to point B. The change in enthaipy from points B to C represents the 
cooling obtained in the evaporator coil. The portion of the line which lies 
to the r~ght of the saturated vapor line is the degree of superheating which was 
occurring. The line en indicates compression at constant entropy across the 
compressor. From points D to A is_ the enthalpy change across the condenser 
coil. 

The actual refrigerant cycle in Figure 17 conforms as well as could be 
expected to the non-ideal cycle. It shows the normal subcooling and super­
heating and, to a small degree, the pressure loss in the high and low side 
piping. The system was not instrumented in such a manner to record the devia­
tions caused by the pressure loss in the compressor valves. 
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Table I. Energy requirements for drying approxlll'lolltely one ton of wet peanuts wlth "-closed-air 
'i)l''ifl"lll u'i1n1J 11 v~por.c(ll!llrtulon cycle. 

A¥erage 
Pod ""hture 
Content. - 1 

lnHial - Final 

Run 1 ZZ.7 9.1 

Run 2 25.5 8. 7 

2,060 40 

2,260 38 

Energy per lb. 
Energy water Removed 

fot;rns~ cc~:~essor ~w~~:ressor 

345.5 1]~ 4/ 9i:! 0.40 0.27 

387.75 135 43. 5 91.5 0.35 0.24 
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Avera9e 
Performe.nce 
of Condenser 

Coil 
Capacity 

BTUH EER 

21.369 11.1 

24,874 10.3 
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Figure 16. ·Heating energy efficiency ratio of refrigeration 
equipment at differ.ent times during the drying 
period. 

Figure 17. 
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Typical·vapor co~pression refrigeration·cycle during 
closed-air.system test. 
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Product Quality 

The purpose of any mechanical drying operation for peanuts is the preserva­
tion of quality. Percents of sound splits and damage were used as a measure of 
quality for these tests, Table 2. Comparative results indicated that the peanuts 
dried in the closed-air system were of e'qual quality to those dried by other 
methods. Air-dried check samples were used for both test runs. Run 1 also had 
a check dryer of equal size operating under conventional supplemental heat 
procedures. Run 2 utilized this check dryer as a continuous heated air dryer 
operating with an average temperature rise above ambient of lB'F. 

Damage figures listed in Table 2 represent the damage found throughout the 
dryer. This damage was determined by the Federal-State Inspection Service and was 
determined immediately after drying. Results show that the closed-air system 
was at least equally effective as the check samples. Run 2 resulted in no 
damage compared to 1 percent for the check dryer while the closed-air system 
and check dryer in Run 1 both had 1 percent dam&KC· 

Samples were taken from the bottom and top of the test bins during unloading. 
These samples were stored in an environmentally controlled room in order to 
equalize the moisture contents before shelling tests were conducted. Results 
found in Table 2 show that the closed-air system did not cause any significant 
increase on the sound splits during shelling. The air-dried check sample 
during Run 1 had 1.2 percent splits compared to an average of 1.1 and 0.9 for 
the closed-air system and check dryer, respectively. All three figures would 
round off to 1 percent on the grade sheet. The air-dried check sample for Run 2 
had only 0.6 percent splits. The closed-air system resulted in an average of 
1.7 percent splits while the check dryer had 1.5 percent. Run 2 percentages 
would round off to 1 and 2 percent and are unimportant since the grower is 
allowed 4 percent splits before any price deductions occur. 

These comparative split percentages are very important when correlated to 
the drying rates. Increased drying rates in the closed-air system did not have 
the normal increase in splits due to rapid drying. The peanuts in the closed­
air system in Run 1 dried 66 percent faster than the conventionally operated 
check dryer. A 48 percent increase was observed in Run 2 when compared to a 
dryer which had continuous heat. 

Solar Euergy I 
i 

The basic interest of ERDA in the support of this research' centered around 
the use of solar energy for drying peanuts. The.conversion of solar energy into 
usable energy for peanut drying could theoretically be accomplished through the 
use of a solar-powered refrigeration machine. This machine would be incorporated 
with the closed-air system to furnish heated air for drying. A basic closed-air 
system utilizing a solar-powered refrigeration cycle is shown in Figure 18. The 
solar radiation would be used to heat water which would activate the generator 
of an absorption-type unit. This in tu~n would provide the heating and cooling 
for the closed-air system through heating and cooling coils located in the 
air stream. 

The equipment requirements for this type of dryer utilizing solar radiation 
are discussed in this paper in order to give the reader a feeling for the 
potential of absorption units under this application. No brand names will be 
used or data referenced. The data presented in the following discussion repre­
sent the best estimates at the present time and were arrived at by searching 
available product literature, advertisements and personal conversations with 
manufacturer representatives. 

The selection of the absorption refrigeration unit used in the closed-air 
system must be based on the cooling capacity. Even though the required 
enthalpy change for heating and cooling are theoretically the same in the 
closed-air system, the heat capacity of the absorption unit is much greater than 
the cooling capacity. This is similar to that found in the vapor-compression 
unit except it is of a much larger magnitude. For all practical purposes the heat 
rejected by the absorption unit will be equal to the cooling capacity plus the 
heat input to the unit. To maintain control of the closed-air system during 
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Figure 18. 

Table z. Effect of the closed-etr syst.ea on ·product qual tty . 

....... 
lNttant 

...,.,._ Splits -
hrcent hrctnt 

..,;, 

Air-dried check 1.2 
Closed-air system 

Bottom of dryer 1.4 
Top of dryer 0.8 

Check dryer using 
supplemental heat procedures 

Bottom of dryer 2.4 
Top of dryer 0.6 

.!!>!!!..1 
Air-dried cin:clt 0.6 
(.losed-atr system 

Bottom of dryer 2.2 
Top of dryer 1.2 

Cin:n.t Ur1e• usln>:~ \,UI!Linuuu;, 
heat with or • 16°F 

Bott.ocl of dryer 2.2 
Top of dryer 0.8 

BASIC CLOSED-AIR SYSTEM UTIUZING 
SOLAR POWERED REFRIGERATION 

Mots ture Content 
During Shelling -

Percent 

9.4 

9.6 

9.9 

10.1 

10.0 

10.2 

9.1 

10,1 

9.5 

10.0 

Closed-air system utilizing solar powered 
refrigeration. 
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operation, some provision must be utilized to exhaust the excess heat from the 
system. The most practical way appears to be with an external cooling tower 
piped in series with the closed-air system heating coil, Figure 18. In a 
commercial 3-ton absorption unit this excess heat will be approximately 50,000 
BTUH, depending upon the conditions the system is operating under. 

It is difficult to discuss the economics of the solar-powered refrigeration 
unit in the closed-air system because of limitations on unit capacity avail­
ability. There are only two sizes available in the capacity range required for 
peanut drying. These sizes are 3- and 25-ton units. Extrapolating the data 
presented in the report estimates a capacity requirement of about 10 tons to 
dry an average size load of peanuts. This would require at least three 3-ton 
units priced at $2,750 each. 

The small commercial absorption units discussed above operate at a COP of 
around 0.72 and require a water temperature of 195°F. This is the temperature 
which must be produced by the solar collectors. The recommended collector area 
is 850 sq. ft. for each 3-ton unit. Larger areas would be required if storage 
was added to the system in order to be able to operate at night or under cloudy 
skies. 

The capacity of an auxiliary ·heater to insure sufficient input heat to the 
absorption unit depends on the quantity of solar energy available. A typical 
clear day in the North Texas peanut producing area is shown in Figure 19. The 
total daily solar insolations received during the drying tests are given in 
f1gure ~U. Test Kun 1 was started late on November 3 and continued until the 
morning of November 5. Run 2 started the night of November 9 and ended the 
1'1\0l:'rting ot November 11. The da1ly insolations tor November ~ to !:1 are averages 
from a single total reading. However, each inclusive day making up the total 
measured insolation was similar. 

Summary 

This report presents the final results of a 3-year development program 
which determined the equipment requirements and engineering design procedures 
for utilizing a closed-air system in peanut dryers. These tests were performed 
in the North Texas peanut production area at the Texas A&M University Research 
and Extension Center at Stephenville. 

The closed-air system was incorporated in a peanut dryer which consisted 
of a 4 ft. x 4 ft. x 8 ft. plywood bin interconnected with the necessary vapor 
compress~on refrigeration equipment to dry 1-ton loads of wet peanuts. All 
loads of'peanuts used in these tests were harvested and handled in the conven­
tional manner so that the only difference in the final product was the method 
of drying. 

The results of these tests confirm that the theoretical principle of the 
closed-air system is valid and that this system can be used for drying peanuts. 
A refrigeration compressor with a nominal rating of 1-1/2 tons was used to dry 
1-ton loads of peanuts having an average initial pod moisture content of 24 per­
cent (wet basis). These loads were dried to below 10 percent pod moisture 
content in an average time of less than 40 hrs. The average heat capacity of 
the condenser coil of the refrigeration unit was around 25,000 BTUH with an 
average energy efficiency ratio (EER) of 10.7 BTUH per watt input. 

The closed-air system required an auxiliary ronn~>nsine co.i.l to maintain 
control of the system near the design conditions: The particular coil used 
for this purpose during these tests caused a 7°F swing in the dry-bulb tempera­
ture entering the peanuts. Also, the air conditions produced by the closed-air 
system were influenced to a certain extent by ambient temperatures. Whenever 
the outside temperature was below about 50°F the air temperature entering 
the peanuts decreased below the design temperature. This is not considered 
to be a major problem, however, since this influence can be controlled by 
restricting heat losses from the drying bin. 
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Analyses of grading results showed that the peanuts dried in the closed­
air system were of equal quality to peanuts dried under present conventional 
procedures. The percent damaged kernels in dryers operating under conventional 
·methods averaged 1 percent compared to 0.5 percent for peanuts dried in the 
closed-air system. 

The use of solar radiation to supply the energy for a dryer operating as 
a closed-air system is discussed in the report. Data showing the typical 
insolation in this peanut-producing area of the State during the harvest period 
are presented as well as the suggested collector area required for commercial 
absorption refrigeration units. 
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SOLAR DRYING OF HAY: OPEN CHAMBER DRYER DESIGN 

by 

B. L. Bledsoe 
Professor 

Agricultural Engineering Department 
The University of Tennessee 
Knoxville, Tennessee 37901 

Large hay packages (big round bales and rectangular stacks)can be formed 
and transported-with·· greater· capacity (metric tons per hour). than conventiona 1 
bales. If these packages could be formed from high moisture hay (at le'ast 35 
percent wet basis) and dried economically using solar heated air, one-day hay 
harvesting might become a reality even in the humid southeastern region of the 
United States. 

The objective was to develop and evaluate means for applying energy 
gathered by simple, low-cost solar collectors to drying large packages of high 
moisture hay. Equipment developed was to be applicable to existing hay storage 
structures where possibl~. 

Previous Work 

A "solar heat absorber", consisting of a• 55.7 ,m 2 false metal roof con­
structed over an existing barn roof was evaluated at the West Tennessee Agricul­
tural Experiment Station in the late thirties (Weaver and Wylier, 1939). The 
absorber raised the temperature of outside air as much as 12°C while the relative 
h1,1111idity was lowered 33 percent when air was drawn under its surfac.e at a rate 
of 85 m3/min (l."Sm3/min per m2 absorber surface) before being forced through 
loose hay in. a barn mow. Further trials were recommended to demonstrate the 
value of the solar absorber to barn hay drying. 

Conventional bales of hay have been successfully dried. using solar heated 
air at less cost than with comparable drying using an oil-fired air heater · 
(Williams, 1961). The collector had an absorber surface area of 139.4 m2 con­
sisting of 6 mil black polyethylene film:· Air moved over the top s:l:de only of 
the film and was contained beneath a 4 mil clear cover film spaced 0.3 m above 
the absorber surface. Daily collector efficiency was about 33 percent. 

An open-construction drying cha~ber for large roll .bales was built by a 
dairyman in New York State (Saccessful Farming, 1975). He used a natural·gas 

- . 0 
burner to heat the drying air to temperatures between 34 and 38 C and forced 
the heated air through roll bales set on end over 0.61 m diameter duct.s. Density 
of the bales dried was only about 96 kg/m3. Tightly rolled· bales of hay have a 
density ranging from 160 to 224 kg/m3. 

Design 

An open chamber design was chosen to re·adily disperse moisture-laden air 
coming from the hay_ pa'ckages .and. to keep construction s-imple. and economical. 
The large hay packages were supported by the metal frames of the floor-duct air­
discharge ports. The frames were fastened to concrete foundations. Port 
flanges, 50.8 mm in height, were built to penetrate into the hay packages to 
form a seal for directing air into the package. 
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Two types of structures were selected for collecting available solar 
energy: (1) the shed roof of an existing hay storage structure (bare plate 
collector), and (2) a free-standing, covered suspended-plate ·collector con­
structed near the existing barn. 

Construction 

Thejshed of a gambrel-type barn, common throughout the southeast, was 
remodeledjto form the open chamber dryer. It was designed to accommodate both 
low-density stacks and low- and high-density rolls of hay. It had· capacity to 
dry two stacks and five rolls of hay (about 5.5 metric tons) simultaneously. 
The shed roof was oriented south 27 degrees east and was inclined 16 degrees 
from the horizontal. It was used as the bare plate collector and had a surface 
area of 47.6 m2. Latitude of the barn location was 36 degrees north. The roof 
material consisted of weathered, corrugated aluminum sheets. Half the surface 
ioiA."' vaintQg bJ ark ~1,1 i.dden 908 flat black enamel over galvanized primer) while 
the most severely weo. thered h<~l t was lef L as loo.md to UIJ:.Ll•H 1"' thr. of~Q~t of 
surface finish on collector performance. A portion of the weathered half of 
the roof, about one-eighth of the surface, required new roofing panels before 
the chamber was complete. Plywood sheets, 6.4 mm thick, were nailed heneath the 
roof rafters to form 20 ducts for air flow, one between every pair of rafters, 
under th&~ roof surface. Each duct was 102 mm x 559 mm in cross-section. Wood 
strips of 19 mm x 38 mm cross-section were nailed over joints of th&~ plywoocl 
panels after caulking the jointS With a silicone baGEl SI?<.>J.ant. (G, E. 1200 con­
struction sealant). 

The free-standing, suspended-plate collector with an absorber surface 
area of 27.9 m2 was constructed facing due south and was positioned southeast 
of the barn to avoid shadows throughout the day. Its location required a 21.3 m 
length of 0.46 m inside diameter wire reinforced tubing (Peabody ABC mine duct) 
to convey the heated air from the collector to the fan chamber. A portion of 
the duct was laid in a trench over which a wooden bridge was built to allow 
transport of the hay packages to and from the drying chamber. A plan view of 
the drying chamber and the collectors is shown in Figure 1. 

The free-standing collector was patterned after one used for drying grain 
at Iowa State University (Kranzler, Bern, and Kline, 1975). Black 6 mil poly­
ethylene film was the ahsorber surface. Air moved through the spaces above and 
below the absorber surface (Figure 2) to be heated for drying hay. The top 
cover consisted of 6-mil Monsanto 602 greenhouse film and was supported by 
wooden spars 0.61 m apart. The collector inclination was 28 degrees frow the 
horizontal. Calculation of weighted average daily solar intensity, as a function 
of inclination angle and latitude (ASHRAE, 1972), indicated. the 28 degree angle 
would be satisfactory for optimum energy collection. 

The air delivery system was designed to have a nominal flow'rate of 
16m3/min per metric ton of hay (Hall, 1957). Duct cross-sectional areas were 
proportioned to give air velocities between 3 and 5 m per sec. A 0.46 m diameter 
tube-axle fan (Aerovent Moo.lel 7-18992-DW) provided the air flow. It r.ould deliver 
105 m3/min of air at a staLlc pressure of 625 Pa. and was powered by a 2.3 kW 
electric motor. 

Dimensional relationship of the floor ducts, fan, fan plenum, and vertical 
duct arc shown in Figure 3. Cross-sectional views of the floor ducts are shown 
in Figures 4 and 5. To provide an escape for any surface waLer that might enter. 
the drying chamber, perforated plastic drain line was laid in an excavation down 
the center of the shed floor, and the excavation was filled with gravel. Con­
crete foundations to support the frames of the air discharge ports were placed, 
and the plywood floor ducts were fastened to the metal frames of the ports. 
Metal spacer blocks were positioned inside the plywood ducts to provide a solid 
connection between the foundation and the port frames where required (Figure 4). 
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Air flow from the roof collector came to the fan plenum by way of a 
variable cross-section header duct and a vertical "down" duct (Figure 6). A 
sliding plate valve in the vertical duct controlled flow of air from the roof 
collector. A variable opening shutter in the vertical duct allow.ed flow of 
ambient air into the fan plenum to control drying air temperature when desired. 
The shutter was operated by a proportional motor actuated by a dual bulb con­
troller (Honeywell Model T991B-1037). The shutter could be opened to a station­
ary position for use of ambient air only for drying when desired. Air flow from 
the mine duct leading to the outdoor collector was controlled by a rotary plate 
valve in the fan ple.num. The floor duct was connected to the fan through smooth 
transition geometry to keep air flow resistance to a minimum. 

Instrumentation 

A scanner-logger system with 90 channels for. input signals printed dryer 
variables each hour. Copper-constantan thermocouples sensed dry bulb tempera­
tures, and thermocouples within water saturated, aspirated wicks sensed wet bulb 
temperatures. Total solar radiation (direct and diffuse) received on a horizon­
tal surface was detected by a 50 junction Eppley pyranometer (180° Weather Bureau 
type). Its output was plotted continuously by a strip chart recorder. Air veloc-

. ity at various points in the delivery ducts and in the collectors was measured 
with a Thermo Systems, Inc. Model 1610-12 hot wire anemometer connected to a 
digital voltmeter for readout. Static pressures were measured with an inclined 
tube manometer. 

Dryer Evaluation 

Preliminary drying experiments with the open chamber dryer were performed 
in November and December, 1976. Three groups of high density roll bales, five 
in each group, were dried (Table 1). The bales were rolled from weedy fescue hay.· 

Accuracy of weighl and moisture content data was not within the desired 
range of ± 2~% of true values; further tests will be required to verify the 
responses noted. However, results indicate that rolls of high density dried more 
slowly than less dense rolls, as happens with conventional bales (Wood and Parker, 
1971). Greater air flow rates were observed through the less dense rolls when 
rolls of unequal density were dried simultaneously. Continuous operation of the 
fan (24 hours per day) caused redeposit of moisture in the hay packages at night. 

With both the roof and the free-standing suspended-plate collectors con­
nected to the fan inlet, mean air flow was 88.5 m3/min from the roof collector 
and 34.3 m3/min from the suspended-plate collector. Static pressure drop through 
the outdoor collector and the mine duct was 104 Pa. Static pressure drop through 
the roof collector, header duct, and vertical duct was 65 Pa. 

Air velocity distribution in the roof collector ducts is shown in Figure 7. 
Velocity measurements were made at three equally spaced locations across each duct 
at a.location about 0.5 m from the intersection of the roof ducts with the header 
duct. Interference within each duct to air flow by rafters at the juncture of 
the shed roof with the gambrel roof of the barn is clearly shown. Variation in 
velocity from duct to duct also occurred and was greatest (by a factor of 9.4) 
between ducts 11 and 20. 

The mean temperature of air exiting from the various roof ducts might be 
expected to vary inversely with mean velocity, but this relationship did not hold 
(Table 2). Since rough lumber was used in the original construction of the.barn 
and shed, duct cross-sectional dimensions were not completely uniform. The deck­
ing boards that supported the aluminum roofing also were not uniformly spaced 
2cross the roof surface. These boards were 25 mm thick by 152 mm wide and com­
prised an area of 27.9 m2• They could affect heat storage and transfer to air 
flowing in the various roof ducts. 
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Evaluation of Solar Collectors 

The amount of solar energy striking a horizontal surface· at the' dryer 
location for each day of the drying experiments wa9 de·t'ermined by integrating the 
instantaneous. radiation recorded by the pyra-qo~eter. Polynomial equations relat­
ing tilted to horizontal surface incident _radiation (Becker and Boyd, 195 7) for 
the given latitude and date were then appl'ied to calculate the' energy available 
for the suspended-plate collector. These ~quations and a corr~ction factor to 
account for the effect of the roof collector orientation of south 27 degrees east 
(Duffie and Beckman, 1974) were applie,d to calculate' the energy available to the 
roof collector. · 

The available solar energy actually imparted to air moving through the 
collectors was determined from the change in enthalpy of the air. Daily mean 
wet- and dry-bulb air temperatures at the entrance and the exit of each collector 
tJPTP. C:OIDtl\!t.ed. These temperatures then wer~ used as input parameters to a com­
put~r pr<>gr.am (W:!,,.heiw, 1Y7L) \l'hioh r..:~.J,_,,ll'l .. tc.il gf!.anp,P in enth~lpy and mean 
sptcific volume of the heated air. With the::;e ·17aluco and the mean !:low. Late ot: 

air· through the collectors known, the energy added by the collector was calc_uiated 
with' th~,following equation: 

liE = H2._ :.._ H1 x Q x 60 min ·x T x 1 x 1 MJ 
v 1 hr A 10fi J 

where 

Q 
T 
A 

collect~d energy, megajoules per m2 - day 
heated air enthalpy, J.per kg of dry air 
ambient air ent~alpy, J per kg of dry air 
heated air specific volume, m3 per kg of dry air 
flow rate of heated air, m3 per.min 
number of hpurs for accumulating solar energy per day 
surface area of the collector, m~ 

Then collector. efficiency = collected energy x 100 
available energy 

A summary of the collector efficiencies during the preliminary drying 
experiments is given in Table 3. Heat loss from the mine duct connec.ting the 
suspendeu-platc collQctnr. to the fan plenum was widely variable during the hay­
curing period. This heat loss was to both ambient air and to the ooil. The 
variations in arobient air temperature and.in air temperatures at the exit of the 
collectors durin~ the gudng period ;ire given in Table 4. 

The mean efficiency of the painted half of the roof collector was 48.2 
percent, compared to 42.4 percent for. the unpainted half. The unpainted portion 
of the roof was less efficient in absorbing solar energy, hut about one-e:l.ghth 
of its surface was comprised of new roof panels. Had the entire surface been 
of weathered roofing, its performance could have been near that of the black­
painted roof surface. 

Structural Revisions 

Two structural failures occurred with the suspended-plate collector. 
Some of the softwood spars supporting the cover film absorbed moisture and buck­
led soon after the collector began operating. The use of 9.5 mm x 31.8 mm 
cross-section oak spars to replace the smaller softwood spars corrected the 
problem. 

Low temperatures during the winter of 1976-77 contracted the black 
absorber film such that a longitudinal tear developed. Substitution of "three 
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vee" aluminum roofing (paint~d flat blacR over a primer coat) for the plastic 
film absorb~r su»face corrected this failure. The corrupgations of the roofing 
panels also provided for turbulent air .flo~ through the collector. 

Variable. openings were constructed for the roof collector ducts with inlet 
area inversely ·proportioned to previous-measured mean air velocity. This change 
should provide more uniform air flow thr~ugh the roof collector. 

The revised open chamber dryer and.collectors are shown in Figure 8. The 
photograph shows three types of hay packages being dried during extensive evalua-
tion experiments begun in May, 1977. · 

Summary 

An open-chamber dryer using solar ,heated air .from two-collectors (roof and 
free-standing suspended-plate) was designed, constructed and evaluated in drying 
late growth fescue hay in large round bales. The dryer performed satisf8ctori~y 
during the November-December trial period. The mean drying rate was 1.3 percen't­
age points of moisture (wet basis) per metric ton of dry matter-day for periods 
of operation of 4 days or more. However, volume of air flow through individual 
bales varied with bale density, and operation of the air system at night rede­
posited moisture in the hay; this practice was stopped_late in the experiments. 

Overall mean efficiency of the roof collector was 45 percent, compared to 
66 percent for the free-standing, suspended-plate collector. Extensive heat loss 
occurred from the duct between the suspended-plate collector and the system fan 
such that mean overall suspended-plate collector-and-duct efficiency was only 
34 percent, compared to 38 percent for the roof collector-and-duct efficiency. 

Volume of air flow within the ducts under the roof collector varied across 
the width of the roof. The cross-sectioqal. areas of openine~> ar:lm.itting inlet air 
to the ducts were revised to ·give a more uniform air flow~ 

The softwood spars·supporting the suspended-plate collector cover failed 
and required replacement with oak spars of greater cross-sectional dimensions. 
The 6-mil black polyethylene absorber sheet split from contraction stresses in­
duced by the cold winter temperatures. It was replaced by corrugated a:luminum 
panels painted black. . 
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Exp. 
No. 

TABLE 1. Summary of drying experiments during preliminary 
evaluation of the open chamber dryer. 

Hean Initial Mean Final 
Mean Bale Moisture Moisture 

Metric Tons Density Content Content 
of Hay (wet bflfl1~) (wet basis) (wet basis) 

Time Period Management ~wet wlllli'l wt~ kg, m3 X % 

1400 hrs, 4 Nov 76 Continuous fan opera- 2.9/1.9 144-192 34.1 31.6 
to 2000 hrs, 6 Nov tion; air pulled from 
76 (2. 2~ days) both roof and free 

standing collectors 

1800 hno, 9 Nov 76 Continuouc fan opilra- 1.6/1.2 88-144 22.1 1S.1 
to 2000 hrs, 13 tion; air pulled from 
Nov 76 (4. I days) both roof and free 

standing collectors 

1600 hrs, 18 Nov 76 Continuous fan opera- 2·4/1.~ 112-192 3~.~ 
to 1600 hrs 24 Nov tion; air pulled from 
76 (6 days) both root ·and free 

standing collectors 

1600 hrs 24 Nov 76 System shut down. 
to 1100 hrs, 30 
Nov 76 

1100 hrs, 30 Nov 76 Fan operated from 0800 17.4 
to 1600 hrs, 3 Dec to 1600 hrs daily; air 
76 (). 2 days) pulled from free stand-

inK ~.:ull~ctor only 
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ton dry 
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TABLE 2. Variation of air temperathre with air velocity for roof ducts. 

Duct Number 

Quantity 2 5 8 13 16 19 

Mean Velocity, m/sec 0.5 1.0 1.6 1.9 1.0 0.5 

Mean Temperature at 
Time of Velocity ot. Reading (1700 hrs), 7.5 7.4 7.5 6.7 7.5 7.6 

Mean Jemperatu~e for 
Day, ,,C .· , ·. . 11 •. 3 11.5 10.9 11.9 11.6 11.9 

Range of Temperatures 
for Day, oc 0.2-20.1 1. 0-21.8 1.1-20.9 1.9-22.2 1. 5-21.7 0.9-21.8 

Measurements taken November 11, 19, 23, 1976. 
2.669 

Velocity ratio of air in ducts 11 and 20 ~ 0.284 ~ 9.4 

TABLE 3. Efficiencies of suspended-plate and.roof solar collectors · 
with available energy for the indicated curing days in 1976. 

SusP:ended-21ate Roof 
Solar Energy Collector Solar Energy· 

Date and Time . Available to Co11e~tor anct nurt Av3ihblc to Collcctu&. Collector and 
Interval of Coilector Efficiency Efficiency Collector Efficiency Duct Efficiency 

QE:eration (HJ/da:z:~ % % (Hj /dal~ % % 

11-6 
(10 hrs) 19.5 81.1 33.0 16.5 76.9 29.7 

11-10 
(12 hrs) 17.2 38.9 14.5 44.8 43.9 

11-ll 
(10 hrs) 9.6 64.2 51.3 8.1 56.2 44.8 

11-12 
(11 hrs) 8.0 55.4 36.3 6. 7 32.5 30.2 

11-13 
(12 hrs) 14.3 62.5 35.9 12.0 32.6 29.9 

11-19 
(11 hrs) 14.2 59.4 29.1 11.8 39.2 37.6 

11-20 
(11 hrs) 7.4 52.6 28.8 6.2 46.5 43.9 

11-21 
(9 hrs) 13.4 62.9 30.8 11.2 36.6 31.5 

11-22 
(8 hrs) 12.8 67.5 28.4 10.6 41.8 41.7 

11-23 
(9 hrs) 18.1 67.3 34.1 15.0 42.2 39.1 

11-24 
(9 hrs) 13.8 81.6 23.6 11.4 50.1 48.3 

Means 65.5 33.7 45.4 38.2 

Hesn air flow through suspended-plate collector • 1.23 m•/min- m2 collector area. 
Mean air flow through roof collector • 1.86 m3/min - m2 collector area. 
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TABLE 4. Temperature means and rar.ges for ambient and heated ai·r curing the ir:·dicated curing days in 1976. 

0 
Te~erature: C 

SusEended-Elate Roof 
Hours of Ambient Air Collector Only Collector and Duct C:tllector Only Collector and Duct 

Date Operation Mean Ran~e Mean Ran~e Mean lange Mean Range Mean Range 

11- 6 10 8.81 0.6+12.1 29.06 2.7+46.0 10.02 6.0+12.7 13.50 8.3+17 .• 2 -0.3+12.4 

11-10 12 14.54 10.2+li.2 22.34 8.3+33.0 19 •. 14 8.8+26.1 17.28 10.1+7.2.5 16.93 10.2+21. 7 

11-11 10 7.09 0.3+10.3 12.32 2.0+19.8 10.94 1. 7+16.8 1C. 47 1.5+19.1 10.03 1.3+14.2 

11-12 11 2.41 0.9+ 3.6 5.42 0.8+12.4 4.60 0.9+ 9.6 :..74 0.8+ 7.1 3.52 0.8+ 6.6 

11-13 12 1.59 -4 •. 1+ 4.5 8.11 -6.2+19.2 6.47 -5.7+14.9 L.27 -5.5+ 9.1 3.94 -5.3+ 8.6 
<0 
1\) 11-19 11 14.29 5.4+1:'.2 21.01 8.0+33.8 18.18 7.2+26.9 1&,.42 7 .1+21.9 16.08 6. 9+21.0 

11-20 11 10.20 5.9+12.2 12.48 5.4+17.6 11.69 .5.4+].5.3 1:...35 5.8+14.1 11.11 5.8+13.6 

11-21 9 7.49 . 4.9+ 9.7 14.49 2.8+25.8 11.43 3.5+18.6 9.47 3.9+H .. 3 8.88 2.9+13.9 

11-22 8 2.38 0.6+ ·!t.2 10.39 5.2+14.6 7.32 5.4+10.8 5.86 4.0+ 8.4 5.53 3.3+ 7.9 

11-23 9 3.53 0.8+ 5.9 16.74 -12.6+31.0 12.60 (•.6+20. 2 .:.97 2.0+13.3 8.19 1.4+11.9 

11-24 9 9.54 5.3+11.9 18.46 6.6+28.2 13.34 ~.6+20.6 111.. 98 5.7+15.0 11.53 5.6+14.1 
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BRIDGE OVER AIR DUCT 
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Figure 1. Plan view of the solar drying chamber and the associated collectors. 
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6 mil Black Polyeth:..tene Film 
' 

6 mil Clear Monsanto 6J2 Film 7 
:6.4 mm x ~·5.4 mm (V4' x 1'") Spar 

9.5 mm x 203.2 mm (%" x 8") Boll --:::-;::::::.::::::::::::=====~==~::::::~::::::-..__ 15.9 m11 (%") Square 

~~----------~--~------~~~ 
1----------P&t ~39.7 mm . j_ (5'h") 

~~~~~~~~~~~~~~.. ·~ 
38.1 mm x 92.1 mm 

(1 'h" x 3%") Bas_ 3 Frame Member I 
1+------1.6 m (5'3")--__...: ___ _:_ __ ...:...._ _____ _.. 

9.5 mm (%") Plywood 

Cross Sectional View 

50.8 mm x 101.6 mrr 
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_:t_ .. 38.1 mm 
(1'h") 

Figut~ 2. Construction details of. the free standing :;uspended f:lilm collector. 
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Figure 3. Plan view of the drying' chamber. 
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DRAIN LINE ----f.-
0
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GROUND LEVEL 
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•. .;.....+---FOUNDATION 

~ . ·. ·.: .. : .. 
. . . . .. : 

SECTION A-A 

Figure 4. · Sectional view of a floor duct ~n the drying chamber showing 
a metal spacer block between the port frame and the duct 
base sheet and foundation. 

~IM OF Aln DIGCIIAnCE P~RT 
GROUND LEVEL 

·, 
•: .:~-FOUNDATION . ·.: :'1t'"- FOUNDATION 

•.. ... 

SECTION 8-B 

Figure 5. Sectional view of a floor duct showing the rim of the air 
discharge port. The rim presses into the base of hay 
packages to form a seal and direct air into the package. 
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HEADER DUCT 

CORRUGATED METAL ROOF"' 

. AIR 

FLOOR DUCT 

SECTION C-C 

CONTROL VALVE FOR 
CONTROL OF AIR 
FROM ROOF COLLECTOR 

VALVE (SHOWN CLOSED) FOR 
CONTROL OF AIR FLOW FROM 
OUTSIDE COLLECTOR 

\GROUND LINE 

Figure 6. Sectional view of vertical duct, fan plenum, fan, and 
transition to floor duct. 
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X=Thermocouple Location 

f 
114.3 mm 11·4~';~"~1 -----;--;;---:---::- bbU.4 rtnn (20") 
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TI~~~~~~~~~~~~~~F=~~~~~~~~~~ X X X X X X 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Figure 7. Air flow velocities in ducts beneath the roof collector. 

Figure 8. Overall view of drying chamber and collectors during 
1977 evaluation experiments. 
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SOLAR DRYING OF HAY IN BIG PACKAGES 

by 

Z, A. Henry 
Associate Professor 

Agricultural Engineering Department 
The University of Tennessee 
Knoxville, Tennessee 37901 

The application of solar energy to drying large hay packages can be 
correctly evaluated only if consideration is given to the mechanism of drying 
within the package. The objective of this investigation was to evaluate the 
drying mechanism within the large hay package in a system when:! the air move­
ment was restricted only by the package itself (open-drying-chamber construction), 

PROCEDURE 

The solar collector and drying chamber system for this study have been 
described by Bledsoe (1977). The system provided for simultaneous drying of 
five large round bales and two stacks (approximately 500 kg each for the bales 
and 900 kg each for the stacks), in an open drying chamber whe.re the large hay. 
packages were placed over an open grillwork mounted in the ducts of the forced 
air system (Figure 1). The system was designed for a minimum air flow rate 
of 16m3 per minute per metric ton of hay (Hall, 1957). 

Dry- and wet-bulb temperatures and air volume of air flow were measured 
in thF> plen•Jm under the bales, dry-bulb and dew-point: t:cmperat:ures were meas­
ured at the center of the bales, and dry bulb temperature only was measured at 
top of the bales. A special lithium-chloride, heated-electrical hygrometer 
designed and constructed for this experiment was used for measurement of psy­
chrometric properties at the center of the bale (Eller, 1977), 

Three tests, each of which included five high-density, high-moisture roll 
bales of late growth fescue, were conducted on the following dates in the fall 
of.l976: (1) November 4-6; (2) November 9-13; and (3) November 18-24, and. 
November 30 to December 3, Lack of labor and inclement weather caused the ex­
periment to be interrupted during the third test, Stacks were not used in this 
experiment; therefore, the duct to this area of the drying chamber was blocked, 
A moisture sample for each bale (combined cored subsamples from top, center and 
bottom) was obtained periodically during the drying period of each day. 

RESULTS · 

The adverse conditions of late ·fall weather affected the experiment. 
Not only were drying conditions unfavorable, but data collection was hampered.· 
Tests one and two provided excellent temperature and isolation data for late 
fall conditions and also excellent data·for bale internal conditions, The data 
from test three were not as good due to inclement weather and especially be­
cause freezing temperatures affected the wet-bulb. ·measurements. Therefore, only 
limited data are presented frcim the third telilt· Data from bale 5 of test one 
are presented as representative of the ·drying experiment. At the ambient temp­
eratures existing for this experiment the· respiration heat was negligible 
(Wilkerson and Hall, 1966), 
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Relative humidities of ambient.and heated air reached a difference as 
great as 30 percentage points at the time of greatest difference between ambient 
and heated air temperatures (Figure 2). A spread in ambient and heated air 
temperatures of approximately 16 C occurred at various times during the second 
test. However, the temperature differences between heated air and ambient air 
never exceeded 4 C in the first test. Increases in vapor pressure at the center 
of the bale (Figure 3) coincided with the times of highest temperature and low­
est relative humidity of the drying air (times of greatest drying potential). 
The difference in heated and ambient air vapor pressures can be attributed to 
measurement error primarily as a result of the positioning of the sensing element 
with respect to the collector inlet. 

Each of the bale center relative humidity curves provided a slightly diff­
erent perspective of moisture removal from the hay bale; however, the basic trend 
is represented by Figure 2. The bale center relative humidity started at 85 
percent and generally declined throughout the cure with the exception of a 
sharp increase from 0600 to 1000 hours on Ndvember 6. The increase occ•Jrr.Prl I'll: 
the point when heated air temperature increased suddenly which caused moisture 
to be removed from the bottom of the bale and the vapor at the center of the 
bale to rise (Figurt! 3). Aftt!r tht! suddt!n rise in bale-center relative humidity, 
it began to drop due ~o the movement of the moisture up through the bale. Uata 
from all bales showed a general decline in the bale center relative humidity from 
the beginning of the cures to the end. This indicated a decline in hay moisture 
content, which was substantiated by the data of Table 1. 

Figure 2 shows that during the daylight hours, when solar radiation was 
being received, the drying air temperature decreased as it moved through the bale. 
During periods of no solar radiation the relative temperatures below the bale, 
at the bale center, and at the bale top shifted, with the air temperature at 
the center of the bale being highest and the temperature at the top of the bale 
remaining lowest. Thu~, the heated-air temperature was between the top and 
center bale temperatures. The temperature at the top of the bale was lower than 
ambient during most of the drying period with the effect being especially evid­
ent during the daylight hours. This, in addition to high moisture conditions 
(detectable by feel) at the top of the bale, indicated that evaporative cooling 
was occurring, and some moisture removed from the lower part of the bale was 
being deposited at the top. 

Data.for a four-hour period selected for bale 5 of test one (Table 2) 
were used to determine the amount of moisture removed from a representative bale 
in a given period of time. The assumption was made that the air was saturated 
at the top of the bale since free moisture was observed to continually exist 
there. By using the humidity ratio ·differences of heated~ bale center and bale 
top air (Table 2) with an average air flow rate of 18.8 m per minute through 
the bale an estimated 16.8 kg of water was removed from the bottom portion of· 
the bale in the four-hour period with at least 3.2 kg being redeposited in the 
bale. Thus, only 13.6 kg of water exited the bale. This conclusion was support­
ed by lower air temperatures and detectable high moisture conditions at the top 
of the bale as previously discussed. The 13.6 kg of water removed from the bale 
represented a substantial drying rate. However, since the temperature of the 
air entering the bale was between the center-bale and top-bale temperatures for 
periods of no solar radiation, it can be assumed that some moisture was being 
released from the air to the hay during this period. Freezing temperatures pre­
vented data collection which may have verified this. Partial verification may 
be obtained by examination of oscillating moisture content values (Table 1). 
Also the data from bale 5 of test one showed a moisture loss of 5.3 percentage 
points during the drying period. For an approximate bale weight of 500 kg, this 
would mean a total moisture loss of 26.5 kg, or 8.8 kg net moisture loss per 
day. Thus, for the specified case, much of the moisture removed during the dry­
ing period of the day was apparently regained during the cold damp night hours. 
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TABLE 1. Wet ba~is moisture content at the beginning of each cure and at the 
end of each·subsequent curing day. 

Bales 
DATE 1. 2 3 4 5 Avg. 

Test One 

11/04/76 35.7 32.7 34.5 35.9 33.1 34.1 

11/05/76 30.9 31.4 29.7 33.6 30.4 31.2 

11/06/76 31.9 32.2 32.2 34.0 27.8 31.62 

Test Two 

11/09/76 21.5 20.5 21.4 20.6 21.8 21.2 

11/10/76 18.6 17.4 18.1 20.1 18.2 18.4 

11/11/76 14.2 20.4 15.3 16.5 14.5 16.2 

11/12/76 15.0 16.5 18.0 18.3 16.8 17.0 

11/13/76 14'.5 17.6 13.2 15.5 14.2 15.1 

Test Three 

11/18/76 25.6 37.9 43.1 32.5 39.7 35.5 

11/19/76 21.9 35.9 41.8 30.5 41.3 34.3 

11/20/76 23.0 36.9 31.6 33.1 39.3 32.8 

11/21/76 20.1 28.9 36.7 32.0 38.1 31.2 

11/22/76 19.6 20.9 42.4 30.3 37.1 30.1 

11/23/76 24. 2. 31.5 31.5 26.8 ~6.7 . 30.1 

11/24/76 17.1 33.1 31.3 29.4 28.6 27.9 
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The nature of the experiment did not permit the hay to be dried to 
optimum moisture level for storage; however, the three drying zones described 
by Wood and Parker (1971) were evident. 

SUMMARY 

Five high-density roll bales were dried in three separate tests in the 
late fall of 1976 using the combined heat from a roof collector and a suspended­
plate collector. The drying reduced the wet-basis moisture content of hay 
(initially at about 35 percent) by approximately 5 percentage points. However, 
the total drying during inclement weather did not give sufficient reduction for 
long-term storage. Psychrometric properties of air inside the bale showed that 
a drying condition existed as the drying potential of the air inc'reased in the 
daylight hours; but, as air was passed through the bale during the night hours, 
moisture was deposited within ~h~ P~l~. 
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TABLE 2. Heated air, bale-center air, and bale-top air data for bale 5 of test one·for a f.our-hour period of 
November 6, 1976. 

Heated Air Bale-Center Air Bale-Icll Ai~: 
1-o 1-o 1-o 

~ 
..-4 ..-4 
< < 

t ... t >-
.DU .DU >- ,DU cu >- .DU QJ >- >- 1-o 
.-4 .-4 ... Q .-4 "" ... Q .-4 > ...... ... Q 
;:1 ;:1 ..-4 ;:1 0 ..-4 ;:1 ..-4 •.-l c ..-4 
r>:ll r>:l "0 0 00 r>:l . P..• "0 0 00 r>:l ... "0 QJ "0000 

p. p. ..-4..-4~ p. 

~~ 
..-4 •.-l ~ ~ ctS ..-4 C) ..-4..-t~ 

* >-13 ... 13 §"'""' t~ 9"'"' >. S· .-4 § 1-o Ei'-'"' 
Time 1-o QJ QJ QJ ctS 00 :I:~ff 

1-o QJ QJ QJ ~~-~ 
QE-< ;3:E-< :I:P::~ QE-< QE-< QE-< P:::I:P.. 

1200 10.2 4.8 0.00313 7.4 5.6 ** 0.00563 3.8 100 0.00496 
** 1300 12.0 5.3 0.00279 8.0 6.0 0.00579 4.3 100 0.00514 
** 1400 11.6 5.2 0.00287 8.4 6.1 0.00584 4.7 100 0.00529 

0.00600 ** 1500 12.9 5.8 0.00283 8.7 6.5 5.1 100 0.00544 

* Twenty-four hour clock. 

** The assumption was made that saturation existed at the top of the bale as evidence~ by the continual wet condition 
of the hay at this level. 
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by 
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Lexington, Ky. 40506 

INTRODUCTION 

Adverse weather conditions durin~ curin~ of burley tobacco lowers the quality 
of the cured leaf. Hamon (1954) set the average loss in value to the crop at 12 
percent, based on field observations. He further indic~ted that approximately half 
of this loss could be prevented by the timely use of supplemental heat to raise 
temperature and lower relative humidity during sustained periods of high humidity. 
The recommended amount of supplemental heat for the conventional burley barn is 
approximately 145,000 J/s-ha (200,000 Btu/hr-A). Duncan (1976) reported that pro­
ducers have used as much as 2800 liters/ha (300 gal/A) of ~p gas in the new, two­
tier, forced-ventilation barn. Curing burley tobacco with solar energy would alle­
viate the burley producers' dependence on fossil fuels as his heat source. 

A two-stage solar curing system consisting of solar field curing and curing in 
a solar barn is being developed. ·An experiment (Walton, et al., 1976) conducted 
during the 1975 curing season established that with 2 days of solar field curing 
during cool ~e~ther, the market price of the tobacco was as much as $0.10/lb higher 
than that of tobacco cured in a conventional curing barn. During solar field 
curing, drying rate was reduced·and yellowing rate increased, both of which are 
beneficial in alleviating damage to quality from overdrying of burley tobacco. It 
was concluded that the producer should leave his tobacco in the field for 2 days of 
solar field curing during cool dry weather. 

This paper reports the initial researc;h effort by the Agriculturai' Research 
Service, u. S. Department of Agriculture 11 and the University of Kentucky to 
develop a solar curing structure for burley tobacco. The specific objective of the 
research was to experimentally evaluate the capabilities of four forced-ventilation 
curing chambers to reduce high relative humidity during curing: 

1. A conventional, two-tier chamber with conventional metal roof. 

2. A transmitting-roof chamber with a fiberglass.roof. 

3. A c~amber with a solar collector (referred to later as the 
noncharging collector) and no storage. 

11 ·The investigation reported in this paper (No. 77-2-67) is in connection with a 
joint project of the Southern Region, Agricultural Research Service, U. S. 
Department of Agriculture, and the Agricultural Experiment Station, College of 
Agriculture, University of Kentucky, and is published with the approval of the 
Director of the Station. 

11 This research was funded in part by the-Energy Research and Development Admini­
stration. 
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4. A chamber with a solar collector (referred to later as the. charging 
collector) and rockbed storage. 

For maximum effectiveness, the relative humidity within the facility should be 
in the 65 to 70% range. The solar curing facility should have the capability to 
overcome the underdrying of burley tobacco which occurs when the relative humidity 
is above 70% (Walton et al., 1973). The greatest danger, therefore, occurs during 
rainy periods. 

EXPERIME!lTAL .METHODS 

A solar curing facility consisting of the four forced-ventilation curing 
chambers was designed and built during 1976 and was used tojcure burley tobacco in 

~~es~:~~~teT~~ef;~~~t~::m~~~c=~s~:n~~~:~~~!o~:;nc~:~:~~P~!t:tat~=t~!i~~~!i~;s!~ned 
Kentucky (Bunn, et al., 1973). A fan was used to co.ntihwhly blow fresh air 
through the tobacco at a velocity of 4.57 m/min (15-ft/min). This chamber has no 
capability to modify the curing environment' and was used as a standard of compari­
;son for the other chambers. 

The transmitting-roof chamber had a fiberglass roof that transmitted solar 
energy directly into the chamber. The tobacco and ·interior surfaces of the chamber 
absorbed the solar energy transmitted through the roof. Heat was then transferred 
to the air by convection. The temperature and relative humidity of the air was 
modified only during the day and then in proportion to the solar radiation intens­
ity. 

The solar chamber without storage used heat from a flat plate air heating 
collector to provide daily

1
temperature and relative humid~ty m?dification within 

the solar-collector-no-storage-chamber during the daylight hours. 1 The premise for 
including the chambers with .the transmitting roof and the·collector without heat 
storage was to facilitate good curing during intermittent rainy an'd sunny weather 
with minimal cost. In addition, the daily application of heat would aid in curing 
tightly packed tobacco in a forced-ventilation system. 

We designed one chamber with solar collector and rockbed with the capability 
to store heat over a period of"several days which would then be available for with­
drawal over a period of several days during ~he cure without r~plenishment. The 
solar-collector-rockbed~storage chamber was the only chamber ·c~pable of providing 
environmental modification during prolonged rainy periods. 

The chambers were 1.13 m (3.71 ft) wide, 3.35 m (11 ft) long, and 4.27 m 
(14 ft) high. Individual fans continually moved fresh air vertically downward 
through the tobacco at 4.18 to 4.45 m/minQ3.7 to 14.6 ft/min). The solar curing 
facility is shown in Figure 1. · 

. The solar collectors were flat plate collectors built as part of the roof •. 
They were constructed at an angle of 30° from the horizontal for opti~um·operation 
during the curing months of August, September, and October' (Barfield,''Hil_l,: and 
Walker 1975). They had a single fiberglas~ cover. In the charging .collector, .4.36. 
·m3/min (154,cfm) of air was circulated between the abosrber plate an~ .another plate. 
placed 2.54 em (1 in.) below the absorber plate. In the nonchargin'g collector,· · 
2.04 m3/min (72 cfm) of air was circulated beneath the absorber plate in a channel 
that was 4.45 em (1. 75 in.) deep. The hacks of both colle·c·tors wefe 1 ~nsulated with 
8.9 em (3.5 in.) of standard fiberglass insulation. The length of each collector 
:was about 10.36 m (34 2t). The 2urface areas

2
of the ch~rging arid noncliarging 

collectors were 8.27 m (89.0 ft.) and 6.32 m (68.0 ft ) , re.spectively. ·. 
, • • I •. 1 ; 1 

Inl~t and outlet temperatures of the air flowing thiough the collectors were 
'determined by use of thermocouples. Solar radiation was determined by use of a 1 

pyrheliometer placed in a plane parallel to that of the collector~ The average 
.efficiency was calculated for each collector for selected days. 
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Figure 1. An experimental solar curing facility 
for burley tobacco consisting of four 
forced-ventilation curing chambers. 

A concrete retaining wall, six blocks high, was laid in an excavation made for 
the rockbed. The retaining wall also served as the foundation of the building. 
Entrance and exit plenums were formed by laying an additional concrete block wall 
that was 0.5 m (1.5 ft) from each end wall. The blocks were laid on their sides 
(holes horizontal) up to the top of the rockbed to permit air movement through the 
bed. 

The rockbed used in these tests consisted of 9.7 tonnes (10.7 tons) of lime­
stone1 rock ranging in diameter from 1.27 em (0.5 in.) to 7.5 em (3.0 in.). The 
average equivalent spherical diameter was 2.67 em (1.05 in.). The rockbed was 3.66 
m (12 ft) long and was located beneath the curing structure. The cross sectional 
dimensions were 2.24 m (6.33 ft) wide and 0.76 m (2.5 ft) deep. The rockbed was 
insulated with 5.08 em (2 in.) of styrofoam. About 0.46 m (1.5 ft) of soil was 
placed over the rockbed. 
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Twenty-five pairs of thermocouples were placed in the rockbed to form a 5 x 5 
matrix from boundary-to-boundary along the length and depth of the rockbed. The 
paired themocouples were in a vertical plane containing the centerline of the 
rockbed. Of each pair of thermocouples, one was imbedded in the center of a rock 
and the corresponding one was placed in the air adjacent to the rock. We suspended 
the latter thermocouple on a string that was centered in a conduit which was placed 
vertically in the rockbed. Air moved freely over the thermocouple through slots ir 
the conduit. 

The airflow system through· the charging collector and rockbed was a closed­
loop system with positive pressure through the collectors. Air passed through the 
collector, through the rockbed, and then back to the collector in a closed loop. 
The superficial air velocity in the ruckb~u, based on empty cross-8Prt.ional a r ea 
was 2.6 m/min (8.4 ft/min) during charging. For discharging, outside air was 
blown through the rockbed in the reverse direction of charging and mixed with the 
fresh air being blown through the curing chambers. The airflow rates for discharge 
were 4.0 m3/min (142 cfm) from 1400 t o 0200 hr and 3.0 m3/min (106 cfm) from 0200 
to 1400 hr. We produced the lower airflow rate by opening the duct system during 
discharge so that the chamber fan could draw a po~tfon of its fresh air intake 
through the rockbed. The higher airflow rate was p-.:-ocluced by a fau. 

We manually controlled the operation of the charging and discharging of the 
rockbed. The fan moving air to the collector and on through the rockbed was on a 
timeclock which in turn ~as connected to a manual switch. On days when we could 
expect collector outlet temperatures above 38°C (100°F), fan operations were con­
tr0]1Pcl hy the timeclock. The timeclock was turned off on cloudy days and then 
turned on the next suitable day. Discharging ot the rockbed wag alou cuutrollcd by 
timeclock, with the fan operating for a set number of hours each day. We dis­
charged the rockbed only during prolonged rainy periods. Therefore, temperature 
and r~lative humidity of the solar-collector-rockbed-storage chamber were modified 
only during such periods. 

We monitorP.d the temperature and relative humidity of the air as it passed 
through the tobacco to evaluate the ability of each chamber to modify the curing 
environment. Dry- and wet-bulb thermocouples were placed above, midway through, 
and below the tobacco. The dry-bulb and wet-bulb temperatures were recorded 
hourly. The average daily temperatures and r elative humidities given in this paper 
were averages of the even hour values of tempera t ure and relative hurudity 
throughout the day. 

The tobacco (160 sticks, 6 plants t.o the stick) was cut and left in the field 
for 2 days of solar field curing before being placed two tiers deep in the curing 
chambers. 

The curing chamber with solar collector and rockbed storage was tested during 
two periods of high humidity during curing. The rockbed was not fully charged 
before harvest because of late completion of the curing facilities; therefore, we 
used electric heat to supplement the heat from thH rucku~u uuring the first dis­
charging period. The percentage of the total heat supplied by the rockhed was 
calculated from the temperature of the air leaving the rockbed and the temperature 
of the air leavine the electric heating section. To fully charge the rockbed 
before the second high-humidity period, we used electric heat during a 4-day 
charging period to boost the charging hours frum 1030-1700 hr. to 800-1800 hr. 
The electric heat was thermostatically controlled to boost the collector output to 
38°C (100°F) only when the collector outlet temperature fell below that value. 
The rockbed supplied all of the heat and was discharged continuously during the 
second hlgh humidity period, which lasted 4 days . 
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ImSULTS AND DISCUSSION 

Fall weather in Kentucky during 1976 was well above average for curing high 
quality burley tobacco. The need for environmental modification was less than • 
usual. However, we were successful in evaluating the ability of each chamber to 
modify the environment. Figure 2 shows the performance of the charging and non­
charging collectors for one day during the cure. The maximum rise in temperature 
was 30.5°C (55°F) and 32.8°C (59°F) for the charging and noncharging collectors, 
respectively. The effect of scattered clouds can be seen at 1400 hr. The result 
was a ll-l2°C (20-21°F) reduction in outlet temperature. Peak temperatures were 
maintained from 1200 to 1400 hr. The collector efficiencies for the charging and 
non-charging collectors were 42.0% and 27.7%, respectively. The higher efficiency 
of the charging collector was attributed to its shallower airflow channel and its 
higher airflow rate. 

Table 1 shows a comparison of the average temprature and relative humidity 
in the solar chambt!r without storage; in the transmitting-roof chamber, and in t:he 
conventional chamber during 4 days of curing. The chamber with the solar collec-
tor without storage performed slightly better than the chamber with transmit-
ting roof, The maximum average daily humidity was five percentage points lower in 
both the chamber with transmitting roof and the chamber with solar collector with­
out storage than in the conventional chamber. The maximUm daily humidity reduc­
tion was 5%. The environmental modification was slight,·but··occurred on a daily 
basis during dry weather. We observed that the tobacco in both the solar chamber 
without storage and the transmitting-roof chamber was curing noticeably faster 
than the tobacco in the conventional- chamber. The benefits· derived from the solar 
chamber without storage and the transmitting-roof chamber during dry periods when 
the mean daily·humidity was above 70% and during intermittent rainy and sunny 
weather were not sufficient to warrant their further consideration, especially 
when coupled with their inability to provide relief during prolonged rainy periods. 
However, with the solar chamber with storage, heat could be supplied whenever it 
was needed. 
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Figure 2. Inlet and outlet temperatures of the charging and 
non-charging collector on a selected day. 
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Table 1. Comparison of average temperature and relative humidity in the solar 
chamber without storage, in the transmitting roof chamber, and in the 
conventional chamber during 4 days of tobacco curing. 

Solar chamber Transmitting roof Conventional 
without storage Chamber chamber 

TemEz oc <on RHz% TemEz oc ~oF2 RHz% TemEz oC (oF2 RHz% 

Day 1 18.9· (66.0) 68 18.9 (66.0) 70 17.8 (64.0) 72 

Day 2 12.9 (55.3) 72 12.6 (54.6) 72 11.7 (53.1) 77 

Day J 1J.4 (56;2) 71 13.0 (55.'1) 71 li.3 (54.1) 75 

nay 4 16.11 (61.0) 65 15.4 (59.7) 66 14.6 (58.3) 70 

Figur"'~ 3 an(! t. "hm,, th"" tPmpPr~tnrP prnfi 1 f'R I'll ong the. r.enteriine of the 
rockbed during 4-day periods of charging and discharging, respectively. The pro­
files designated day 1 through 4 in Figure 3 are the temperature profiles at 1800 
hr, after the end of the .. cba~giDg period each day. During eharging~ a temperature 
gradient developed along the entire length of the rockbed. 

Factors tl.at contributed to th~ temperature gradient were: 

1. The relatively large rock produced a larger temperature transition 
zone (the portion of the rockbed in which temperature changes take 
place) than would have been produced by smaller rock. 

2. Heat was conducted from the hot rock to adjacent cooler rock. 

3. Heat was lost from the rockbed to the surroundines dur,ing the night, 
particularly, heat loss at the entrance to t~e rockbed adjacent to 
the plenum. 

We observed that the length of the transit:ton ?.One waR much smaller than the length 
of the rockbed during the initial stages of charging. We also obse1~ed conduction 
of heat along the bed during only one night of charging. A comparison of the 
temperature profile at lHUU hr, when charging had ended (profile designated day 4 
in Figure 3), with the temperature profile at 0600 hr the nl:!xt morning(initial 
profile of Figure 4) shows the effect of heat loss. The heat loss caused a flat­
tening of the temperature profile. We concluded, as did Close et al. (1968),that 
the intermittent nature of the operation -- with its relatively short period of 
charging and relatively long period of noncharging, the latter period being the 
one during which heat losses alter. the temperatu.re··profi.li!, ~- was the 
dominant factor in producing the temperature gradient along the entire length.of 
the rockbed. 

The average rock temperature when the rockbed was fully charged was consider· 
ably lower than the average collector outlet temperature. We found two reason~:~. 
First, the air temperature entering the.rock during charging was lower than the 
average collector outlet temperature because of duct and plenum heat losses and 
heat absorbed by the concrete block before the air reached the rock. The second 
reason for the average rock temperature being lower than the average collector 
temperature was the previously discussed temperature gradient in the rockbed 
caused by heat losses during noncharging periods. 
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The temperature profiles designated as day 1 through 4 in Figure 4 are the 
temperature profiles at 2400 hr each day. The rockbed temperature gradient caused 
the outlet air temperature of the rockbed (operating temperature of the rockbed) to 
decline continuously during discharging. Thus, the heat was withdrawn at a temper­
ature well below the average collector outlet temperature. 

The average temperature and relative humidity in the conventional chamber and 
the solar chamber,during which heat withdrawn from the rockbed of the solar 
chamber was supplemented by electric heat,are shown in Table 2. The percentage of 
the total heat supplied by the rockbed ranged from 51 to 77 percent. Day 4 showed 
a much higher percentage of total heat from the rockbed because of one good day of 
charging between days 3 and 4. ('!'he discharging period in TablE:! 2 was uuL Llle 
same discharging period as depicted in Figure 4:.) The relative humidity in the 
solar chamber with storage averaged 25 to 33% lower than the relative humidity in 
the conventional chamber. We bypassed the 65 to 70% relative humidity range in 
the solar chamber by adding too much electric heat during the first 3 days. As it 
turned out, the rockbed by itself could have lowered the relative humid~ty to near 
1'1,;;, 70f! l,o.vl'l. 

Table 2. Comparison of average temperature and relative humidity, in the conven­
tional chamber and the solar chamber during which heat withdrawn from 
the rooltbod of thlil eol:u ch:.1.mber ~olii!!! "''I'I'1ementPrl hy PlPr.triC". heat. 

P!:!l'C!:!HLagl:! u[ 

total-heat 
Solar chamber Conventional supplied by rock 
with storage chamber bed 

Temp, ftc (oF) RH,% Temp, °C ( °F) RH,% Fercent 

Day 1 20.6 (69.0) 62 15.2 (59.4) 87 60 

Day 2 19.9 (67.9) 60 13.8 (56.9) 91 56 

Day 3 15.4 (59.8) 51 9.2 (48.5) 84 51 

Day 4 * 12.8 (55.0) 65 8.4 (47.1) 90 77 

*' Storage was charged 1 day between days 3 and 4. 

The average temperature and relative humidity within the conventional chamber 
and the solar chamber with the rockbed supplying all the .. heat during a 4-day 
rainy period during which the rockbed supplied all of the' heat are shown in 
Table 3. (The discharge period covered in Table 3 was the same as that shown in 
Figure 4.) The rockbed supplied enough heat to bring the relative humidity with­
in the desired 65-7.0% ra!lge. for the first 3 days. We r!irt low on heat on thE:! fourth 
day and were unable to attain the desired humidity level. Yet the 75% relative 
humidity average on day 4 was 10 percentage points lower than that in the conveu­
tional chamber. Approximately one-fourth of the heat was supplied by the concrete 
block foundation and soil. But such was not unexpected, since the foundation 
weight was one-half that of the rock. Even though edge effects are greater for a 
small rockbed than a large one, apparently some heat can be withdrawn from the 
surroundings of an underground rockbed. 

The performance of the solar collector with rockbed storage system was quite 
satisfactory since it provided sufficient heat for a 3-day period. Durin~ the 
first 3 days, the rockbed supplied an average of 281 J/m2-s (89 Btu/hr-ft ). A 

2 15.6°C (60°F) and 90% ambient environment would require 379 J/m2-s (120 Btu/hr-ft ) 
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Table 3.' .Comparis~n o~ average. temperature and relative humidity within the con­
ventional chamber and the solar chamber during heat withdrawal from 
rockbed during a 4-day rainy period. 

:::rolar chamber Conventional 
with .. sto'Jiage chamber 

Tem:p, "C ("F) R,H,% Temp, oC (oF) RH,%· 

Day 1 13.1 (55.5) 67 10.2 (50. 3) 81 

Day 2 8,9 (48.1} 68 5,3 (41.5) 91 

Day 3 8.4 (4 7 .1) 68 5.7 (42. 2) 86 

Day 4 ' 
,, 

6.2 (43.2) 75 4.1 (39.4) 85 

to lower the relative humidity to the desired level. Thus, more heat IDaf be 
required for higher ambient temperatures, possibly endangering the ability of the 
present system to maintain the desired environment on the third day. Still, from 
an environmental modification standpoint, the solar chamber with rockbed-storage 
was superior to the solar chamber without storage and the transmitting--roof 
chamber in that it provided heat during critical pe.riods. 

SUMMARY AND CONCLUSIONS 

A solar curing strucfure· consisting of four forced-ventilation curing 
chambers was used to cure burley tobacco during the fall of 1976. The objective 
wa~ .to usa solar heat to reduce high relative humidity during euring. One 
chamber was a conventional, two-tier chamber with metal roof, one had a fiber­
glass roof for transmitting solar radiation directly into the chamber, one had a 
solar collector without s·torage, and one had a ·solar collector and rockbed storage. 
The maximum average daily. relative humidity was five percentage points lower in 
both the chamber with transmitting roof and the chamber with solar collector with­
out storage as compared to the conventional chamber. The solar collector with 
rockbed system supplied enough heat to maintain the desired 65-70% relative humid­
ity for 3 of 4· days of rainy w.e.ather. 

Our conclusions were as follows: 

1. The solar chamber with rockbed storage was superior to the solar 
chamber without storage and to the chamber with transmitting roof 
because it provided heat during critic~l periods of high humidity. . . 

2; A rockbed'can be used for thermal storage to supply heat for 3 days 
of curing'without replenishment. 

3. A tapered temperature gradient forms from front to back of a rockbed 
because of heat conductioP along the bed and heat loss caused by the 
intermittent nature of the operation. 

4. A ·solar curing facility with a 3- to 4-day heat supply stored in the 
rockbed should provide the capability to prevent a substantial por­
tion of crop-value losses that might otherwise be sustained during 
period.s of high humidity. 
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ABSTRACT 

The greenhouse bulk curing system utilizes solar energy as a first priority energy 
source to cure tobacco in the summer months and to grow greenhouse crops and 
tobacco seedlings the remainder of the year. A 30-40 percent fu~l savings w~$ 
Rt""h:f.evEid during the pc.::il Lwu tobacco curing seasons (summer, 1975, 1976) using 
solar energy in this system as compared t·o a conventional bulk curing barn. 
Klancho flowers were grown in the winter, 1975-76, with excellent results and an 
estimated 10-15 percent fuel-savings. Tobacco transplants·were produced on multi­
ple layers for automatic transplanting with germination rates of 95-97% for various 
layers. 

Computer modeling and analysis for design optimization of the solar barn for maxi­
mum solar energy utilization and minimum fossil-fuel and electrical energy con­
sumption are under development. Thermal-electrical systems analogies were applied 
to study temperature responses of the solar collectors under time-varying solar 
radiation and ambient air temperatures. Simulation results conformed well with 
the field data f("r various stages of curing. 

Introduction 

So~ar energy is a primary energy source for agricultural production. Photosynthe­
sis for food production and field drying for processing agricultural materials 
are two important, natural uses of solar energy. Substitution of solar energy 
for fossil-fuel energy has only been seriously considered as a viable alternative 
within the last three or four years. The low cost and ·abundance of fossil-fuel 
energy coupled with the high cost and output variability of solar energy systems 
have resulted in an energy and economic situation which did not require the develop~ 
ment of alternative energy sources. The "energy crisis" has 'reversed this trend 
for all phases of the energy situation - production, research, conservation, appli­
cation, etc. 

Much of the basic studies on solar energy collectors and their possible application 
were done over 10 years ago (3,12,15,21,22). Intensive research efforts to develop 
practical, efficient and economical equipment and technology for solar energy have 
come only in the last couple of years. Most of the current studies for agricultural 
application involve an air preheating solar collector which is to be used either in 
the drying of agricultural materials or the heating of greenhouses. Significant 
energy savings have been achieved by several investigators (16,17,19) in grain 
drying by retrofitting solar collectors to grain bins. Energy research programs 
in greenhouses are concentrating on solar energy collection and storage with em­
phasis also being placed on minimizing the loss of solar and fossil-fuel heat 
energy (5,8,19,22). Solar heated air has been used in peanut drying (4). 

The greenhouse bulk curing and drying system was developed by Huang et al (1,2,6,12 
13,14) to utilize solar energy year-around as either a tobacco curing-and drying 
facility or as a plant growth facility. Being basically a greenhouse type struc­
ture, it is an inherent solar energy collector. In a plant growth configuration 
the system uses solar energy to heat the structure for fuel savings and to 
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photosynthes~ze p~ants for food and plant production in a controlled environment. 
With the addition of solar absorbers and curing equipment, solar energy is used to 
cure tobacco. This multi-purpose structure is designed for year-around use by the 
farmer for agricultural production and year-around solar energy,utilization. 

Tobacco Curing Operation of Greenhouse Bulk Curing Solar Barn 

The greenhouse bulk curing system is a greenhouse which accommodates a solar energy 
bulk curing module during tobacco curing. The system, shown in Figure 1, consists 
of a combination curing/growth room with facilities for 'curing tobacco or growing 
plants, furnace room with heating unit, auxiliary fan and appropriate air flow 
plenums, gravel energy storage system consisting of gravel and corrugated slotted 
ducts, top air duct with shutters and side openings for air flow control, side 
vents for air intake or exhaust, and portable frames to support plants or tobacco. 

For tobacco curing, heat abs.orbers are added to the sides and' tops or the portable 
frames to form a bulk curing module within the greenhouse (Figure 2a&b). Solar 
energy is absorbed and transferred to air which is moved ,·over these black surfaces 
by the auxiliary and/or furnace fan(s). This preheated air is used either for 
curing or storage, depending upon curing requirements. Outside air enters the 
structure for preheating either from the front shutter or side vents (Figure la), 
depend:!.ng upon the available solar energy and curing energy requirements. The 
openings in top air duct and bottom gravel air ducts cause the air flow to be uni-
form over the absorber surfaces. · 

Motorized shutters in the front, rear, and rear bottom of the top air duet contrgl 
the flow of preheated a:i.r. The side vents art! also motorized. Tht:' prehP.ated a;i,r 
for energy storage or for curing can then be easily controlled for optimum energy 
utilization as required by the curing stage and available solar energy. Fresh air 
is pulled in from either the top or sides of the structure to optimize the solar 
energy collection, storage, and utilization. 

Solar energy utilization tests were conducted during July, August and September, 
1975 and '1976 in the Central Crops Station structure (Figure 1). Five complete 
cures were made each year in the greenhouse solar curing barn, and five were made 
in a conventional bulk curing barn used as a control. Curing procedures, dis­
cussed below, were approximately the· same in each barn with minor variations as 
required by the individual. cures. 
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Figure 1. Greenhouse bulk curing system during summer, 1976. 

Front Intake 
Vent 

Looding 
Doors 

Front Exhaust Vent 

(a) 

Rear Shutter Duct Opening 
Top Air Duct' 

~~=-===s:;;;::=;~ 

(b) 

Corrugated 
Fiberglass 

Figure 2. Greenhouse bulk curing system: (a) front view and (b) rear view. 
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The general curing· procedure was as follows: 

(1) Bulk racks were filled in the field and placed in the barn. 
(2) The furnace was fired and a typical bulk curing schedule followed for 

temperature and air ventilation rate. The temgerature curing schedule generally 
consisted of two-three days yellowing at 32-35 C, three days of leaf drying with 
the air temperature being advanced from 32°C to 76°C at 1 to 1.5°C per hour, and 
one day of stem drying at 76°C. During leaf drying, the temperature was maintained 
at certain levels as determined by tobacco conditions. The air ventilation rate 
was usually 10 percent or less for yellowing, gradually increased during initial 
leaf drying until it was about 30-40 percent for temperatures of 54 to 60°C, then 
gradually reduced during later stages of leaf drying, and held at 10 percent or 
less intake during stem drying. 

For the solar curing barn, air preheated by either the absorber or the gravel was 
used as intake to the furnace during both day and night operation as shown in 
Figures 3-6 and as discussed below. 

(1) ThP nnytime yellowing configuration used to store solar energy in the 
gravel (Figure 3) was a c.losed loop t:lLLuldtion of Lhu ~-~ • .... .-r the heat i'hc:nrhP.rR, 
through the gravel to the auxiliary gravel fan and then through the Lup duct for 
recirculation. If the system temperature was resulting in a tobacco temperature 
ahove 38°C, outside air was brought into the system through the front shutter, 
preheated by the solar heat absorbers, pulled through the gravel by the auxiliary 
fan nnrl exhausted out the back of the structure as shown in Figure 4. The air 
circulation within the curing room was through Lhe fu~nacc to the air plPnum be­
neath the tobacco, up through Lhe Lulk tobacco racks, nnrl to the furnace return 
doors for recirculation. If some drying was tu be done, the furnace intake was 
opened slightly. 

(2) For leaf drying the air flow configurations for solar energy collection 
and utilization were as shown in Figures 5 and 6. For the first day, outside air 
entered the system through the front shutter as shown in Figure 5, was preheated 
by the absorber panels, was pulled through the gravel by the auxiliary and furnace 
fan for movement into the furnace intake, was pushed through the tobacco, and was 
either pulled into the furnace intake for recirculation or exhausted through the 
front exhaust. The furnace intake damper setting determined the percent recircu­
lation. For the second and thir~ days of daytime leaf drying, outside air was 
pulled in through the side vents, passed over the absorbers for preheating, and 
moverl through the top duct and into the furnace room for intake to the furnace. 
The air flow configuration shown in Figure 5 was used for nighttime drying. 

(J) For the s~Pm nrying stage, outside air was provided as shown in Figure 6 
for daytime drying and as in Figure 5 for nighttime drying. 

Instrumentation for monitoring the test conditions and variables cpnsisted of a 
data system with thermocouples to measure temperature, multipoint recorders for 
monitoring these sensors, a strip chart recorder for monitoring radiation levels 
measured by a pyranometer, and an LP gas meter to measure fuel consumption. Copper 
constantan thermocouples were used to measure ambient air temperatures, collector­
air and-surface temperatures, gravel air temperatures, and curing air/tobacco 
temperatures. For air temperatures, shielded thermocouples measured both dry and 
wet bulb tentperatures. Surface temperature measurements were made by attaching 
the thermocouples to the surface of the material. Thermocouples were placed with­
in the tubacco rack to measure tobacco bulk temperatures. The locations of these 
thermocouples are shown in Figure 7. 

Solar energy was used by the greenhouse solar curing barn to supplement the energy 
requirement for bulk curing of tobacco, Data for one complete cure, August 26 -
September 2, 1976, is presented and discussed as typical results to be exp·ected 
for solar energy collection, storage, and utilization by the greenhouse solar 
curing system. 

Incident solar radiation collected by the upper and lower solar collector sections 
(Figure 7), resulted in absorber surface temperature of B2° to 97°C on clear sunny 
days when the sun was approximately perpendicular to the absorber surfaces. 

120 



Figure 3. Air flow configuration for closed-loop energy storage during 
yellowing stage, 

Figure 4. Air flow configuration for open-ended energy storage during 
yellowing stage. 
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Figure 5. Air flow configuration for energy storage and supplemental 
heating of furnace air during in~tial leaf drying stage. 

Figure 6. Air flow configuration for preheating furnace air intake 
during final leaf and stem drying stage. 
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(1) Outside air temperature (DB) 
(2) Gravel surface air temperature (East) 
(3) Midway collector air temperature (East) 
(4) Top collector air temperature (East) 
(5) Top collector air temperature (West) 
(6) Midway collector air temperature (West) 
(7) Gravel surface air temperature (West) 
(8) Vertical absorber surface temperature (West) 
(9) Sloped absorber surface temperature (West) 

(10) Sloped absorber surface temperature (East) 
(11) Vertical absorber surface temperature (East) 
(12) Curing air temperature beneath tobacco 
(13) Tobacco temperature within rack 
(14) Curing room temperature 

Figure 7. Cross-sectional view of greenhouse bulk curing system showing locations 
of thermocouples. 

Figure 8 shows the absorber temperatures for the west side, lower and upper col­
lectors. The temperature decreases on August 27 and 28 were caused by changing 
the yellowing stage, air flow configuration for energy storage from closed loop 
(Figure 3) to open-ended (Figure 4) circulation. Energy collection and storage 
for the solar barn on these days were causing the tobacco temperature to increase 
above 38°C, an upper temperature limit for "safe" yellowing. The air flow config­
uration was changed to decrease this build-up . Design changes to increase the 
storage capacity and air flow rates will enable the greenhouse solar curing system 
to more efficiently store collected solar energy. Then, the exhausting of the 
temperature build-up will not be necessary; it will be stored for nighttime use, 
The daytime temperature decrease on Aug~st 29 was caused by a thunderstorm. 

The temperature difference between the outside air and the top collector air, 
shown in Figure 9, represents the degree of air heating produced by the west side, 
solar collector sections (Similar results were achieved on the east side). The 
air temperature differential across the two collector sections varied from a mini­
mum of 18°C on August 29 to a maximum of 43°C on September 1, excluding the low 
collector air temperature on August 29 caused by the thunderstorm. The air venti­
lation rates for drying on these days were approximately 40 and 10 percent res­
pectively which corresponded to center-line collector velocities of 0.11 and 0.02 
meters per second respectively. Radiation levels on these days, and also for the 
entire cure, were approximately the same with peak day, total hemispherical 
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radiation being about 875 watts per square mete~. The higher collector air tem­
peratures achieved at the beginning and end of th~ cure occurred when air movement 
through the collector section was less than 0.02 meters per second. 

The difference between the outside air temperature and the required tobacco curing 
temperature (Figure 9) is indicative of the total energy that must be supplied for 
curing. The energy that was supplied from fossil-fuel energy is represented by the 
temperature difference between the collector air and curing air. As shown by the 
curves of Figure 9, the energy requirement above that supplied by solar collection 
occurred mainly at night. 

The overall fuel savings achieved by the greenhouse solar curing system as compared 
to a conventional bulk curing barn was 30 percent for the five cures in 1976. The 
average LP fuel consumed in gallons. per pound of cured (and ordered) tobacco was 
0.075 for the solar barn and 0.107 for the conventional bulk barn. The curing time, 
fuel consumption, tobaccos used, and fuel saving per cure are given in Table 1. 
The fuel savings for the individual cures varied from a low of 7 percent for the 
second cure to a high of 40 percent for the fifth cure. The low fuel saving for 
the ~econd cure of the solar barn was caused by two days of rain and three cool 
nights, temperatures of 15° and 18°C, which occurred during the peak energy require­
ment for leaf and stem drying in the solar barn. The conventional bulk barn's 
second cure had been started two days before the solar barn's second cure, and 
leaf drying was almost completed prior to this cool weather. 

Table 1. Tobacco cures for greenhouse solar curing barri and conventional bulk barn 

Conventional Bulk Curing Barn Greenhouse Solar Curing Slstem 

Curing 
Time 

(days) 

8 

7 

6 

7 

7 

Average 

Fuel used Primings/ Curing Fuel used Primings/ Fuel 
(gal/lb varieties Time (gal/lb varieties Savings 
tobacco) (days) tobacco) (%) 

0.148 First primings 7.3 0.120 First primings 19 
for G-28, Coker for G-28 
319 and plot 
tobacco 

0.111 Second prim- 7 0.103 Second prim- 7 
irigs for G-28 ings fur G-28 
and plot tobacco 

0.094 Third primings 8.2 0.066 Third primings 30 
for plot tobacco for G-28 

0.092 Fourth primings 6.7 0.057 Fourth prim- 38 
for Coker 319 ings for Coker 

319 & G-28 

0.094 Top of stalk 7 0.056 Top of stalk 40 
for plot tobacco for Coker 319, 

G-28 and plot 
tobacco 

0.107 0.075 30 

Computer Simulation Analysis of Thermal Behavior of Tobacco Curing 
in Solar Ba:r.n 

In order to further optimize the design of solar barn, it is necessary to investi­
gate its thermal behavior. Computer simulation analysis representing the system 
and boundary conditions by a thermal circuit wo.U].d provide powerful techniques for 
studying the thermal behavior of a complex heat transfer system. Analogous elec­
trical circuits can be developed to represent the three modes of heat transfer -
conduction, convection and radiation -within the solar drying system. Electrical 
analogies to a thermal system are given in Table 2. 
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Table 2. Analogies in thermal and.electrical systems 

Thermal System Electrical System 

Temperature T Voltage 
: Heat Flow Q Current 

Thermal Capacitance C Capacitance 
Thermal Conductivity K Conductance 
Thermal Resistance R Resistance 

Conduction: 

The heat transfer in a medium by conduction can be expressed as: 

where 
Q 

Q 
K 
A 

-KA dT 
dX '-' (1) 

heat 'flow rate (heat flux) (Btu/hr) 
thermal conductivity (Btu/hr ft°F) 
cross-sectional area perpendicular to the heat 
flow (ft 2 ) 

dT =temperature gradient (°F/ft), or the rate of 
dX- · 

temperature T change with respect to distance 
X in the direction of heat flow 

Consider the steady-state heat flow through a conductor of length L, cross-section­
al area A, and assume K is independent ofT. Eq. (1) can be rewritten as: 

(2) 

The thermal resistance R, which is-analogous to electrical resistance, can then be 
expressed by: 

R (3) 

Thermal capacity, or the heat necessary to cause unit change in temperature of the 
mass, may be defined as: 

c 

where Q 

(4) 

thermal energy required to raise the temperature 
of a given mass from Ti to Tf 
specific heat capacity (Btu/Ib°F) 

density (lb/ft 3) 
initial temperature (°F) 
final temperature (°F) 

If C and y are constant over the temperature interval considered or if appro­
priafe mean values of these quantities are used, Eq. (4) may be written as: 

where 

Convection: 

c 
v 

C yV(Btu/°F) 
p 

volume of the mass (ft3) 
(5) 

The heat transfer between air and a solid surface can be expressed_as: 

where 
h A (T -T ) · (6) 

c s a 
rate of heat flow·(Btu/hr) 
convection coeffiCient · (Btu/hr ft20p) 
cross-sectional area perpendicular to heat flow 
(ft 2) 
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T temperature of the surface (°F) 
Ts = temperature of the air (°F) 

a 

The convection thermal resistance Rc can then be expressed as: 

Radiation: 

R 
c 

1 °F 
h A (Btu/hr) 

c 
(7) 

Radiation exchange occurs through a separating space between objects as a result 
of their temperatures. If an enclosure has m surface and all surfaces are gray 
and opaque, diffuse and uniform in temperature, and their reflective and cmiGsive 
properties are constant over all surfaces, the net energy exchange at a particular 
surface boundary (i) may then be expressed as (10,18). 

where 

Aie:i 

1-e:i 

Ri-(Eb)i 

1-e:. 
~ 

Aie:i 

"' net ei'lergy exchangl:! (Btu/fL2ht) 

(8) 

rAdiosity or total radiati9n which leaves a 
surface per unit time and per unit area 
(Btu/ft2hr) 
blackbody emissive power (Btu/ft2hr) 

e: emissivity of a surface 
A area of a surface (ft2) 

1-e: In Eq. (8), Ae: is considered as "surface resistance" to radiation heat transfer. 
The net energy can also be expressed as: 

iolhere 

m R -R 
E ~ 

n=l - 1-
FinAi 

F = shape factor or fraction of energy leaving in · 
surface. in which reaches surface n 

(9) 

1 
rhe term FA is considered as "space resistance" to radiation heat transfer. 

in i 
From Eqs. (8) and 
would result in 

th (9) an energy balance at Ri for radiation at the i · surface 

·· Ri -(Eb) i m R -R 
E n i (10) 

l-Ei n=l 
-]-.-

Aie:i AiFin 

An equation similar to Eq. (10) may be written for each of the (m) surfaces re­
sulting in a closed resistance network representing the system of (m) 5adiating 
surfaces. Figure lOa shows the thermal network' of radiation at the it surface, 
in which Eb and R are proportional to the fourth power of their absolute tempera­
tures. In order to use such a network in the thermal circuit representing the con­
duction paths of a heat transfer system, it is desirable to adjust the resistors 
so. that a first power temperature potential at each of the (Eb) nodes would result 
in the same heat or current flow through all of the resistors. In order to 
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Figure 10. Radiation thermal network. 
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.. determine the proper adjustment of each resistor, consider a path through the 
network between (Eb)i and (Eb)n or: 

(11) 

where R 

N 

sum of all resi.stors between (Eb)i and (Eb)n 

adjustment in resistance to linearize the poten­
tial 
absolute temperatures at i and n surface 
respectively. 

Since (Eb) =at{ and (Eb)n = at 4 , where a is the Stefan-Boltzmann constant, Eq. 
(11) can tien be written as: n 

ti-tn 
N = a(t'+-t4) 

i n 
A good approximation for small differences in temperature is: 

Then, 

t4-t 4 a 4t 3 (t -t ) 
i n av i n 

N ... 4a; 3 
av 

(12) 

(13) 

and the network shown in Figure lOa may 
potentials snown in Flgure lOb. 

be r~vla~.:~~:d Ly A networlt w;i.th lin~?.;~ri :r.erl 

Circuit Analogy and Results: 

To describe the heat transfer in the greenhouse bulk curing system using thermal 
circuit analysis, som~,simplifying assumptions were made concerning the collector, 
air flow, and heat flow direction. The structure is shown schematically in 
Figure 11, It is directed North and South longitudinally and is symmetrical with 
respect to East and West. There are four solar collectors (S.C.) - the east-side 
upper S.C., the east-side lower solar collector, the west-side upper S.C., and the 
west-side lower S.C. Thermal energy transfer through all structural elements is 
considered to be unidirectional and perpendicular to the long dimension. All 
lumped thermal properties are considered to be constant over the temperature 
range encountered, and the space temperature is considered uniform at any instant. 
The net long wave radiation between the outer fiberglass wall and the surroundings 
is assumed to be small and can be included in the convection heat transfer. 

The thermal circuits representing the upper solar collector (figure 12) and 
lower solar collector (Figure 13) are shown in Figures 14 and 15 respectively. 
The ratios and units cf analogous electrical and thermal parameters chosen for 
this thermal circuit study are given in Table 3. 

Table 3. Ratios and units of analogous electrical and thermal parameters 

Units Scale Factors 
Quantity Thermal Electrical Ratio Value 

Time hrs a 
2 sec e 

a 
t 

Cavacity Kcal Farads ct 4 X 106 
oc c 
oc 

e 

Resistance Ohms R 
8 X 106 

Kcal/hr e 
Rt 

Potential oc Volts E 1 T 

Rate of Energy Kcal Coulombs g_ 8 X 106 
I Transfer hr sec 

or Amperes 
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WEST- SIDE UPPER SOLAR COLLECTOR 

WEST-SIDE LOWER 
SOLAR COLLECTOR 

WEST-_SIOE VENT 

EAST- SIDE UPPER SOLAR COLLECTOR 

FIBERGLASS WALL 

HEAT ABSORBER 

EAST- SIDE LOWER 
SOLAR COLLECTOR 

GRAVEL ENERGY STORAGE 

Figure ll. Schematic cross-sectional view of greenhouse bulk curing solar barn. 
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Figure l2. Sche:natic diagram and dimensions of U?per s::>lar :09lle;to~. · 



FIBERGLASS 
WALL 

GRAVEL ENERGY STORAGE 

Figure 13. Schematic diagram·and dimensions of lo~er ·solar collector. 
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The symbols used in Figures 14 and 15 and Table 3 are defined as follows: 

Symbols 

R conduction resistance 
outside convection resistance 
inside convection resistance 
inside 'surface' radiation 

resistance 
inside 'space' radiation 

resistance 
capacitor 
inside air temperature 
outside air temperature 
air temperature of curing chamber 
solar radiation input 
insulation resistance 

(5500 x 103 ohms) 
e time 
E = constant electrical potential 
T temperature 
Q heat flux 
I electric current 

Subscripts 

g 

tilted fiberglass wall 
vertical fiberglass wall 
heat absorber 
top air duct 

gravel energy storage 

p plywood wall 
m aluminum foil 
i insulating material 
a = air space 
e = electrical circuit element· 
t thermal circuit element 

o = overhang 
c = curing chamber 

Results of the thermal circuit analogy for one day (Aug. 17, 1976) will be pre­
sented as representative of the simulat 16Ii anAlysis. IJet~rmina t:lun uf !JaL a mete u; 
used in the circuit are discussed below. The thermal properties of materials used 
:i.n the solar collectors are given 1i'l Table 4. From these valut:!~;, Ll11:! Lil•amal 
conduction path resistor and capacitors for the walls of the· solar collectors were 
calculated and are given in Table 5. With the inside air velocity of the solar 
collector being approximately 1 m/sec which results in heat transfer being mainly 
by free convection, the inside convection coefficients h were estimated based 
on free convection. The values are given in Table 6. Tfie convection resistances 
of the collectors were then calculated from the h values of Table 6. These are 
given in Table 7. The outside convection coefficient was estimated at 6.71 kcal/ 
hr m2°C for Aug. 17, 1976 based on the equation 14 given below (9) and the 
measured outside air velocity of 2.0-3.0 m/sec. 

h = 0.053 + 0.746~ c 0 
(14) 

he is in cal/hr m2oc 
~ 0 is out$ide wind velocity in m/hr. 

where 

An average surface temperature of 318°K (45°C) ·was used in the evaluation of the 
network radiation within the solar collector. A summary of network resistances is 
given in Table 8, The average air flow rate inside the solar collector was re­
corded as 33.98 m3/min, which is equivalent to 146.9 x 10-6 farad, 

Table 4. Thermal properties of materials used 

Material 

Douglas Fir 
Wood (1/2") 

Aluminum 

Urethane Foam 
Insulation Board 

Thermal Conductivity 
K 

Btu/ (hr) (ft) (°F) 

0.065 

118 

0.01 
(1/2") 

Fiberglass (0.04") 0.02 

Iron Plate (1/16") 34 

Gravel 0.42 

Air 0.016 

Heat Capacity 
c 

p 
Btu/ (lb) (°F) 

0.5 

0.214 

0.35 

0.2 

0.11 

0.22 

0.24 

136 

Mass Density 
y 

(lb/cu ft) 

34 

169 

2.0 

~go 

490 

120 

0.072 



Table 5. Values of solar collector wall conduction path resistors ·and capacitors 

Conduction 

Upper 

Solar 

Collector 

Lower 

Solar 

Collector 

Heat Absorber· ;(h) 

Aluminum Foil (m) 
Insulation Board (i) 

Tilted Fiberglass Wall 
(f 1) 

Vertical Fiberglass Wall 
(f2) 

Afr Duct Wall (d) 

Plywood Wall (p) 

Heat Absorber (h) 

OvPrhRng (n) 

Aluminum Foil (m) 
Insulation Board (i) 

Tilted Fiberglass Wall 
. (fl) -

Vertical Fiberglass Wall. 
(f2) 

Plywood Wall (p) 

Gravel Enetgy Storage (g) . 

Resistance 
(R x 10 3 ohms) 

o.o8 x lo-3 
246.4 

8.2 

168.2 

0.028 

638.7 

.38.4 

0.4 X 10-3 
1266.0 

9.6 

83.8 

318.4 

1321.2 

Capacitor 
(C x lo-6 farads) 

0.20 
1.00 

2.55 

0.12 

3.17 

1.47 

24.50 

0.04 
0.19 

2.18 

0.25 

2.95 

601.9 

•, 

Table 6. Inside.convection coefficients of solar collectors: (Unit-Kcal/hr m2 °C) 

Upper Solar Lower Solar 
Collector Collector 

Heat absorber 3.66 2. 71 
Tilted fiberglass wall 2.31 2.00 
Vertical fiberglass wa!l 1. 99 1.99 
Plywood wall 2.28 2.28 
Air duct :wall 2.71 
Overhang 2.31 
Gravel energy storage 2.91 

Curing chamber 2.00 2.00 

Table 7; Convection resistances for solar coll•ctors 

Upper 

Solar 

Collector 

Heat Absorber (h) 

Tilted Fiberglass Wall 
(f 1) 

Vertical Fiberglass Wall 
(f2) 

Air Duct Wall (d) 
Plywood Wall (p) 
Curing Chamber (c) 

137 

Outside Convection 
Resistance 

(Reo x 103 ohms) 

35.5 

728.1 

Inside Convection 
Resistance 

(Rei x·lo3 ohms) 

79',5 

102.9 

2451.3. 

331.6 
2139.4 
145.5 .. 



Table 7. Cont'd 

Lower 

Solar 

Collector 

Heat Absorb~r (h) 

Tilted Fiberglass Wall 
(fl) 

Vertical Fiberglass Wall 
(f z) 

Plywood Wall (p) 

Outside Convection 
Resistance 

(R x 103 ohms) 
co 

·41.5 

362.9 

Gravel Energy Storage (g) 

Overhang (o) 

Curing Cnamber (e) 

Inside Convection 
Resistance 

(Rei x 103 ohms) 

108.1 

138.9 

1221.9 

1066.5 
159.0 

647.3 

Table 8. Inside radiation exchange network resistances (R x 103 ohms) 

(Rr i) fl 2.0 Rflh 52.4 Rfld 2.37.6 

(Rri) t:l li0.7 Rhd 185.3 Rt2h 2090.9 

Solar 
(Rri)h 2.4 Rdp 5526.0 Rflp 1256.9 

(Rri)d 7.5 Rf2p 96707.0 ~p 2307.7 
Collector 

(Rri) p 40.7 Rflf2 1641.1 Rf2d 5526.1 

(Rfi) fl 2.4 Rflf2 986.9 Rf20 5780.3 

(Rri) f2 21.3 Rflh 77.3 Rf2g 1926.8 
Lower 

(Rri)h 2.6 RflO 4622.2 Rf2p 40462.0 
Solar 

(Rri)O 13.1 Rns 144.4 ~0 609.1 
Collector 

(Rri)g '• .1 Rflp 1155.6 ~g 211.9 

(Rri) p 21.3 Rf2h 1305.2 ~p 2436.3 

R 2566.4 R 549.9 R 8294.1 gp og op 

The PCAP (Princeton Circuit Analysis Program) computer programs for the solar col­
lectors were developed based on the thermal circuits (Figures 14 and 15), input 
ambient air potential (Figure 16), and solar radiation input evaluated from 
Figure 17. The simulation results that were obtained are shown in Figure 16. 
The curves show that the predicted solar heated air temperature is in good agree­
ment with the measured temperature. Some phase delay is shown between measured 
and predicted values since a large capacitor was used to simulate the moving air. 
The peak value of the predicted temperature curve lags that of the measured one 
by approximately 1 hour but can be adjusted by modifying the program. 

Greenhouse Operacion of Greenhouse Bulk Curing Solar Barn 

During greenhouse operation the solar absorbers and portable frames used in tob­
acco curing are removed, and appropriate greenhouse equipment for growing plants 
is moved into the structure. The-temperature, humidity and watering are auto­
matically regulated to provide a controlled environment for optimum plant pro­
duction. When more solar energy is available than is needed to heat the greenhouse 
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during the daytime, it is stored in the gravel to reduce the neating requirement 
at night. 

Crop Production: 

The structure was converted to the greenhouse mode of operation in October, 1975 
(22). A crop of Klanchoe flowers in 13 em pots were grown in it from November 
20, 1975 to March 18, 1976 (Figure 19). The automatic temperature and watering 
controls combined with efficient utilization of available solar energy produced an 
excellent crop of flowers. A second crop, patio tomatoes in 13 em pots, was added 
February 18 , 1976. The tomatoes were arranged in 9 blocks (two plants each) down 
the length of the hou11e and 4 blocks across the house. The Klanchoes were removed 
March 3, 1976 and measured for height, width, and fresh weight. The tomatoes were 
removed March 18, 1976 and the dry weights were measured. Neither the Klanchoe nor 
the tomatoes exhibited any significant block effects in any of the measured vari­
ables. This indicates that the system did not adversely affect growth uniformity. 
It was estimated that a flowering crop such as the Klanchoes would provide between 
$700 to $800 income in a 4 month growing period. 

Temperature gradients and running times were used to calculate the energy supplied 
by the heater Qh , thP P.nPrgy ~tored in the rock beds Q , and the energy vented to 
the outside Q . These quantities are shown in Tables ~ and 10 for two 6-day 
periods in JaXuary. Table 9 represents a particularly severe period and Table 10 
a more moderate one. The energy recovered from the rock beds were not included 
in these tables because neither the heat conducted into the greenhouse nor that 
lost to the outside environment were monitored during this initial study. 

A limitation in analyzing the data in Tables 9 and 10 is the lack of information 
about the total energy lost from the structure during a given period. A transient 
analysis to determine this information would requir~, among other things, know­
ledge of wind speed and cloud cover, variables which were not monitored during 
this study. An approximation of the total heat loss during a 24-hr period can 
be made, however, by noting that the energy stored within a given period was 
always depleted within that same 24-hr period and that the thermal capacitance of 
the structure, excluciing the rock beds and furnace room, was small. This allows 
the total heat lost during a 24-hr period to be estimated by the sum of the 
energy stored in the rock beds and the energy supplied by the heater. Thus, the 
energy stored during each of the two periods considered becomes 7.7% and 15.9%, 
respectively, of the total estimated heat loss of the structure. 

Table 9. Energy stored and vented versus energy supplied by the auxiliary heater 
for the period January 1-6, 1976. 

Date ~j Qs Qv Ambient Low Degree Days!:./ 
h (oC) 

(GJ) (GJ) (GJ) 

January 1 0.42 0.13 0.037. 6.8 8.0 
January 2 0.55 0.13 0.057 -2 . 2 l1.8 
January 3 0 .62 0.0 0.0 3.7 6.6 
January 4 0.85 0.10 0.0 -0.7 14.8 
January 5 1.13 0.04 o.o -13.1 21.0 
January 6 1.21 0.00 ~ -12.4 19.8 

Totals 4.78 0.40 0.094 82.0 

!/Based on 20.4 kJ/1 net heating value for L .P. gas 

11calculated using a 15 .6°C base 

A feeling for the potential capability of the system is indicated by adding Q 
and Qv and comparing this to the total estimated heat loss. For the period o¥ 
January 10-15, as much as 26% of the total estimated heat loss could have been 
supplied if the rock beds had been large enough to collect all of the available 
solar energy. Undoubtedly the data for February and March will show an even 
stronger trend in this direction. 
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Flgure 18. Greenhouse bulk curing system during greenhouse 
operation for growing flovcro. 

Figure 19. Tobacco transplant production in greenhouse bulk 
curing system. 
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Table 10. Energy collected and vented versus energy supplied by the auxiliary 
heater for the period January 10-15 ·, 1976. 

Date rf! Qs ~ Ambignt Low Degree DayJl h 
(GJ) (GJ) (GJ) ( C) 

January 10 0.86 0.16 o.o -10.3 18.7 
January 11 0.78 0.0 o.o -4.4 12.1 
January 12 0.61 0.13 0.10 -3.4 12.3 
January 13 0.49 0.07 0.0 -4.4 9.0 
January 14 0.28 0.14 0.18 5.7 7.7 
January 15 0.63 0.19 0.16 13.7 

Totals 3.65 0.69 0.44 73.5 

1/ " -Based on 20.4 kJ/1 net' heating value for L.P. gas 
2/ . 
-Calculated using a 15.6°C base 

Table 11 provides a slightly different look at the data. Here, Q and ~-are 
Hhuwu with Q • the total energy incident upon hnrizontal apd v~~t!cal sulfaces 
with areas e~ual. to ·the greenhouse·floor and north wall respectively. Q was cal­
culated, using the method of Liu and Jordan (14) from the total daily ra8iation 
on a horizontal surface obtained by numerically integrating the solar insolation 
curve. A total diffuse to direct ratio of 0.2 was assumed along with ari albedo 
factor of 0.2. The daily efficiencies N and N '+v were calculated from s s 

Ns • Q/Qp• (15) 

Table 11. Daily collection and storage efficiencies versus t and At for the 
2eriod Januar~ 10-15 1 1976. 

Date Qs Qv Qp N Ns+v ;:; 1% s 
(GJ) (GJ) (GJ) (%) (%) (oC) 

-·-

January 10 0.16 o.o 1.26 12.9 12.9 4 17.1 
January 11 o.o 0.0 .85 0.0 0.0 6 15.8 
January 12 0.13 0.10 1.47 9.1 16.0 2 21.8 
January 13 0.07 o.o .88 8.0 8.0 6 11.6 
January 14 0.14' 0.18 1.40 10.2 23.0 1 14.6 
Ja~uary 15 0.19 0.16 1.-38 13.6 25.0 2 11.3 

. YRelative form factor for solar insolation curve 

and 
Ns+v • (Qs + ~)/~. (16) 

The values of Ns+v compare quite favorably with daily efficiencies given by Close 
(7) for good quality solar air heaters (25% to 50%). 

The variations in N +v in Table 11 can be explained by the following discussion. 
For a given .structu'e or collector, the daily efficiency varies inversely with 
the difference in air temperature (inside vs. outside), solar declination angl~. 
frequency of fluctuation of solar insolation. and wind speed. Temperature dif­
ference, frequency of fluctuation, and wind speed are stochastic variables, while 
declination angle is a function of the time of year. Unfortunately, wind speed 

·was not monitored during this study. However, Table 11 does include a relative 
form factor t, which describes the smoothness of the solar insolation curve for 
that day • and A t, which is the temperature difference between inside and outside 
taken at 2:00pm. The factor t varies from 1 for a smooth curve to.lO for a 
rapidly fluctuating one. Examination of Table 11 shows that the highest values 
of N occurred at the lowest values of t and A t and that increasing t or A t 
gene,IYly decreased N ~· The exception was on January 11 when a moderate t and 
At produced a zero efficiency. This more than likely resulted from higher than 
normgl wind conditions which probably caused the heat loss to be greater than the 
15.8 C would indicate. For two periods in January, approximately 8% and 16% of 
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the total estimated heat loss of the structure was collected and stored. If the 
storage beds had been large enough to store the energy exhausted through ventila­
tion, the potential savings could have been as high as 26% for a period when·lows 
of -4°C were experienced. Undoubtedly this percentage would have been larger in 
February and March, when solar insolation values are higher. Nevertheless, a 
potential energy reduction of 26% in January indicates that a significant fuel 
savings can be achieved without having to resort to the more expensive convention­
al solar collection systems. 

Tobacco Transplant Production: 

The greenhouse was set up for tobacco transplant production in Spring 1976 and 
1977 (Figure 19). Portable frames were placed in the greenhouse. Each frame 
had four layers consisting of perforated sheet metal covered frames that slide in 
on the same spacing (approximately 25 inches) as the bulk tobacco racks. An auto­
mated misting system was installed on each layer to provide a fine misting for 
approximately 30 seconds per 30 minutes during daylight hours. During the 1977 
tests, artificial lighting was added as shown in Figure 19. Temperatures in the 
greenh9,use we1:e maintained bet~•een 72°i' mi!,nium and 8.5°F ma:x::i.Jn•JilJ during thb day 
and ti)

1
"F' minimum at night. 

The tobacco seedling, growing and handling trays were seerlerl using a spraghum peat 
moss mixture. The mixture was almost saturated prior to h~.i.ng place.d in the trays, 
Once the trays wer~ ~eeded, they were placed on three layers of the portable 
frames. 

Se~dling eruergence began approximateiy R to q nays after ~QQding. r.ormination 
rates of 95-97% were obtained on each layer. During the 1976 tests uniform 
growth occurred through the third week at which the seedlings were damaged by 
over-fertilization. Also during 1976 light level variation between layers and 
within each layer contributed to the non-uniform growth. The light levels varied 
from approximately 1500-2000 foot candles on the top layer to 500-100 foot 
candles in the middle and bottom layers. This lighting difficulty was solved in 
1977 by adding artificial lighting to the middle and bottom layers. Uniform 
transplants were produced in 1977. 

Tobacco transplant production can be achieved using multiple layer growing with 
appropriate lighting and watering system. Uniform tranplants can be produced 
in 6 to 8 weeks, 
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