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ABSTRACT 

The purpose of this study is to investigate the possibility 

of using agricultural products as direct solar energy collectors in 

solar energy crop drying systems by determining the solar absorptance 

and emittance properties, and collector efficiencies of the products. 

For a good grain solar energy absorber, such a system would result in 

considerable savings in the equipment and maintenance costs, and would 

be more suitable to developing countries. 

Solar absorptances and collector efficiencies of grain ab

sorbers were determined by calorimetric technique and compared, under 

identical conditions, with those of a reference standard-flat-black 

paint-which is known to be a good solar energy absorber. Seven experi

ments were conducted under relatively clear sky conditions using pre

viously dried wheat, brown rice, white rice, brown beans, yellow corn, 

Peanuts in-shell and cowpeas (black-eyed white beans} as grain absorbers. 

The relative absorptance (ratio of the total solar energy absorbed by 

the grain and the reference flat-black paint) and the relative effici

ency (ratio of useful energy gain by the grain collector and the re

ference flat-black paint collector) were also obtained for the seven 

grain absorbers. 

The experimental results obtained showed that the solar 

absorptance ~nd collector efficiency of the flat-black paint varied 

from 0.97 to 0.91 and 0.524 to 0.638, respectively, for solar angle of 

incidence ranging from 38.5 to 58.9°. A relative absorptance and 

relative efficiency of 80 percent with respect to the reference flat-



black paint was used as a criterion for determining the performance of 

each grain as a good solar energy absorber. All the seven products 

tested, except white rice, had relative absorptances and relative 

efficiencies above the 80 percent rating. Peanuts in-shell had the 

highest relative solar absorptance and relative efficiency of 0.967 

and 1.09, respectively, with the corresponding values of 0.726 and 

0.718 for white rice. Colour, porosity, surface roughness, and the 

amount of exposed surface area seemed to affect the solar absorption 

characteristics and collector efficiencies of these agricultural 

products. 

As far as absorption of solar energy and heat exchange 

with the drying air are concerned, the six different grains tested and 

most other agricultural products could be effectively used as absorbers 

in solar energy crop drying systems. The major hindrance might be con

sideration for handling ease and possible reduction in the air drying 

effectiveness due to the level of and variations in outdoor air re-

lative humidity, and initial grain moisture content. The material 

cost for a covered metal flat-plate solar energy collector is estimated at 

about $2.00/m2 more than for a covered grain collector. 
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1 . INTRODUCTION 

Beginning more than two centuries ago many scientists and 

engineers have endeavoured to find ways to use solar energy for 

technological purposes in industry and agriculture. With all the 

technological developments and knowledge that have been achieved in 

solar energy application, it is now generally accepted that solar 

energy is received in sufficient quantity to make a major contribu

tion to future world heat and power needs. Except for economic 

reasons, in most developed countries there are only minimal technical 

barriers to wide application of solar energy. 

The direct use of solar energy to replace conventional heat 

sources is intrinsically desirable to conserve the world's limited 

resources of fossil fuels. The major obstacles in solar energy 

utilization are economic, resulting from high cost of the equipment 

needed to collect and store solar energy. These obstacles are in

herent in the nature of solar radiation which is relatively low in 

intensity (when large amounts of energy are needed, large collectors 

must be used), intermittent (the daily variation in direct solar 

intensity from zero at sunrise to a maximum at noon and back to zero 

at sunset is inevitable, and some means of energy storage must be 

provided for use at night), and subject to unpredictable interruptions 

of uncertain duration due to clouds, rains, snow, hail or dust. 

The world•s present·day civilization is consuming large 

quantities of natural sources of energy- Coal, oil and natural gas

far more rapidly than they are being replenished. Factors tending 
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to shorten the life of the world's limited fossil fuel resources are: 

a rapidly increasing population, especially in developing countries, 

increasing demand for energy and higher standard of living, and in

dustrialization of under-developed and developing countries. In the 

present decade, it has become increasingly evident that the many de

mands being made upon the world's finite resources of fluid fossil 

fuels have minimised their availability to a dangerously low level. 

Their costs have risen to a point where the economics of solar energy 

utilization have become far more favourable than they have been in 

the past. In many places, the environmental pollution resulting from 

burning of plentiful high-sulphur and high-ash coal has brought about 

rigid restrictions on its use. Even in some-developing countries 

coal-fired locomotives are being replaced with diesel engines. Atomic 

energy, which is not widely accepted because of its threat to world 

peace and its environmental pollution, has not progressed as rapidly 

as its advocates had expected, and nuclear fusion is still far in the 

future as a practical source of power. 

It is now evident why there has been increasing interest in 

solar energy research and development. For solar energy to compete 

favourably with other sources of energy further research should be 

done to reduce to an economical level the cost of equipment in solar 

energy utilization. 

Most developing countries cannot produce enough food to 

support their ever increasing population. A considerable percentage 

of food items produced in some of these areas deteriorate rapidly in 

quality after harvest owing to poor processing and storage methods. 
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Field losses are high because the crops are usually left to dry slowly 

in the fields under heavy insect and rodent attacks. In order to 

encourage increased food production in these areas using modern 

methods, it is necessary to minimize the cost of production to a level 

that would result in favourable profits to the farmers. Efficiently 

utilized solar energy offers a means of providing low cost drying 

systems in these developing countries. A Solar Energy MOdel Dryer 

designed, constructed and tested at the University of Nigeria, 

Nsukka (1973), by the author under Prof. F. W. Bigsby, showed that 

the specific energy consumption rate (Watts/kg water evaporated) for 

a 3-5 em thick layer of corn receiving solar radiation directly through 

a transparent plastic film was comparable to the figure obtained for 

a conventional nigh - temperature heated - air dryer. 

The primary objective of this study is to investigate the 

possibility of using some agricultural products as direct solar 

energy collectors in drying processes. The investigation is done by 

determining the solar absorptance and emittance properties of the pro

ducts using the calorimetric technique. Hitherto, the common 

practice is to heat the drying air by passing it through a plate 

collector and finally through a drying chamber where the product to 

be dried is placed. By eliminating the plate collector and allowing 

the product to be dried to collect solar radiation directly in the 

drying process, considerable savings in the cost of equipment and 

maintenance could be achieved resulting in a system more suitable to 

developing countries. The effectiveness of such a system depends 

greatly on the solar absorptance of the product. With the reference 
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flat-plate col ~ctor and grain collector built, the solar absorpt

ances and cell :tor efficiencies of grain absorbers were compared 

under identica conditions with those of a reference standard - flat 

black paint - 1ich is known to be a good solar energy absorber. 

From such camp "ative tests it would then be possible to determine 

which grains w Jld be used efficiently as absorbers in a solar energy 

crop drying sy :em. 

Calor 1etric techniques are generally used to measure 

absorptance an emittance. In the calorimetric technique the desired 

thermal radiat re properties can be computed from the measured rate 

of radiant hea transfer, the geometry of the system and temperature 

of the test sa1 )le and its surroundings. In direct thermal radiative 

properties mea 1rements radiometric techniques are used by comparing 

the intensitie: of incident radiant flux on a sample and the reflected 

or emitted flu. by the sample. In general, calorimetric techniques 

tend to be re .tively simple and free from systematic errors, but 

of relatively ~w precision. Radiometric techniques, on the other 

hand, tend to :quire more elaborate equipment, and while capable of 

relatively hig! precision, are subject to systematic errors, such as 

flux 1 asses in .he opti ca 1 system and the i nabi 1 i ty of the system to 

completely elir nate undersirable wavelengths, that may be difficult 

to evaluate. ·he major advantage of the calorimetric technique 

used in this i1 ·estigation is that the grains were allowed to absorb 

solar energy d· 'ectly as would be the case in actual practical appli

cation in a sa· r energy grain drying system. 
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2. LITERATURE REVIEW 

Methods for determining thermal radiative properties fall 

into two general groups, calorimetric and ~adiometric. In calori

metric techniques the emittance or absorptance is measured in terms 

of heat lost or gained by the sample through radiant heat transfer. 

The ratio of the observed rate of heat transfer to the measured or 

computed rate of radiant heat transfer gives the emittance or ab

sorptance. For solar radiation measurements the sun is usually 

assumed to be a blackbody. Using the calorimetric technique, 

Gaumer et al. (1962) determined the solar absorptance and total hemi

spherical emittance ratio of a sample heated by a beam from a solar 

simulator. 

In using the calorimetric techniques for measurement of 

thermal radiative properties, the irradiance (incident radiant flux 

per unit area, Wm-2) on the sample surface or on any other standard 

surface must be accurately determined or measured. The instrument 

most widely used in solar radiation measurement is the pyranometer. 

It has a view angle of 21T steradian and measures both the sun and 

sky irradiance received on a horizontal surface or surfaces inclined 

to the horizontal. There are many models and types used in many 

meteorological institutions throughout the world. All these in

struments operate on the principle of the thermopile. 

The normal incidence pyrheliometer (NIP) is used to measure 

the direct solar radiation. The sensor is again a thermopile at 

the base of a cylindrical tube which limits the view angle to the 
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sun at about 5° of the circumsolar sky. Two standards commonly used 

in meteorology for calibrating or standardizing the pyranometers or 

NIP are the Angstrom Compensation Pyrheliometer and the Abbot Silver 

disc pyrheliometer. 

More accurate measurements of thermal radiative properties 

could be obtained by radiometric techniques in which the emitted 

incident and/or reflected radiant flux is measured directly and the 

desired property computed as the ratio of the measured fluxes. 

Rather elaborate optical systems may be required to collect the radi

ant flux from the source and focus it onto the sample for reflectance 

measurements, and to collect the flux reflected or emitted by the 

specimen and focus it on the detector (usually a thermopile or 

thermistors) for reflectance and emittance measurements. If spectral 
measurements are made, a monochromator must be included in the opti-

cal path. The major errors in the radiometric determinations arise 

from flux losses in the optical system. 

One radiometric technique devised by Gier et al. (1954) is 

shown schematically in Figure 2.1 . A cooled sample forms part of 

the wall of a blackbody cavity and is irradiated over a hemishpere 

by blackbody radiation from a high-temperature source (a hohlraum). 

Images of the sample and a spot on the cavity wall are alternately 

focused by the optical system onto the entrance slit of the mono

chromator. The monochromatic radiation reflected from the surface 

is compared to the blackbody radiation from the cavity wall at 

that wavelength. The data thus obtained are hemispherical-angular 

monochromatic reflectances. In some of the more recent designs 

the sample can be rotated so that all angles can be measured. 
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The Heated Cavity Reflectometer is a versatile infra-red instrument. 

The wavelength range is 2-35 lJ m and the temperature range is 

300-900 K. 

Integrating Sphere Reflectometers are used in greater 

numbers than any other type, and different commercial instruments 

of this type are available. This reflectometer uses an integrating 

sphere to collect the radiant energy reflected by a sample. The 

reflected flux is distributed uniformly over the surface of the 

sphere where it can be sampled by a detector. The inside surface 

of the sphere has a high uniform reflectance and is near-perfect 

diffuse reflector. There are several apertures in the sphere for 

the incident beam, the detector, and the sample. Another aperture 

may also be included for the comparison standard. Integrated sphere 

instruments can be operated in the direct or indirect mode depending 

on whether the sample or the sphere is irradiated first from the 

source. Integrating sphere reflectometers frequently include a mono

chromator, which usually is located in the incident beam between the 
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source and the sample when the sphere instrument is operated in the direct 

mode_, and between the sphere and the detector for operation in the indirect 

mode. Goebel et al. (1966) have shown how to obtain reflectance of 

a coating directly through the use of an auxiliary sphere with an 

integrating sphere reflectometer. The integrating sphere developed 

by Edwards et al. (1961) is designed to measure directional-hemi-

spherical reflectance at angles of incidence from 0° (normal) to 80° 

from the normal. The wavelength range for integrating sphere in-

struments is 0.3 to 2'.6 1J m at 300K. 



Other radiometric methods of measurement using reflectance 

techniques include the Integrating Mirror Reflectometers in which 

the sphere of the integrating sphere reflectometer is replaced with 

an integrating mirror (hemispherical or ellipsoidal or paraboloidal), 

and Specular Reflectometers. The wavelength range for integrating 

mirror refl ectometers is 1-100 J...l m depending on the type of mirror 

used and the temperature range is 300-600K. The specular reflecto

meters make use of the multiple-reflection technique which is simple 

and accurate with high-quality mirrors. Figure 2.2 shows a schema

tic diagram of the optical path. The reflectance is computed as the 

square root of the ratio of two measured fluxes, hence the uncertain

ty in the reflectance is about half that in the measured ratio. The 

major source of error is due to slight displacement of the reflected 

beam on the detector, since for most detectors the output varies 

with the position of the incident beam·on the detector. Bennett 

and Koechler (1960) have improved the optical system to reduce 

the errors due to slight shifts in the alignment of the sample mirror, 

or slight deviations of the sample from optical flatness. They re

ported accuracies of~ 0.001 reflectance units over the wavelength 

range of 0.45 to 22.5 }lm . 

From the diagram the reflectance of the sample is given by 

p s ='( ~ '.' ) 1 I 2 ( 2. 1 ) 

I 

where I = IPST 

PST = reflectance of the standard mirror 

I = incident irradiance 
II 

IR2 I = PST s 

9 



SAMPLE Ps 

STANDARD 

MIRROR PsT 

II 2 
I =IPs Psr 

I'= IPsT 

Figure 2.2 SPECULAR REFLECTOMETER 
(STRONG MULTIPLE -REFLECTION TECHNIQUE) 
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In direct application of these outlined thermal radiative 

properties measurement techniques, Bilanski et al. (1975) measured 

the spectral absorptivity of whole and ground rapeseed using the 

Integrating Sphere Spectrophotometer built by the Canadian Department 

of Agriculture (1971). The spectrophotometer consisted primarily 

of a light source, a chopper, a monochromator, an integrating sphere, 

a dete9tor, and a recording unit. Light was supplied from a tung

sten filament lamp. The reflectivity of the sample was measured 

in the wavelength range 0.6 to 3.0 1-l m, and the absoprtivity was 

determined from the reflectivity data with the assumption that the 

test material was opaque. The moisture content of the sample was 

varied from 4 to 14 percent (wet basis) during the test. The 

spectral absorptivity of whole rapeseed was higher than that of 

ground rapeseed at low moisture content, but no appreciable difference 

resulted above moisture content of 6 percent. The spectral ab

sorptivity of whole and ground rapeseed increased with moisture con

tent up to a wavelength of 2 and 2.2 '}-tm respectively. For incident 

wavelengths from 2.0 lJ m to 3.0 J..l m for whole and from 2.2 to 3.0 

~m for ground rapeseed, the spectral absorptivity remained con

stant at a value 0.89. 

Massie and Norris (1964) built a dual-beam spectrophoto

meter with which they determined the spectral reflectance and trans

mittance properties of corn, oats, wheat, soybeans, rice, alfalfa 

seed, and milled rice in the wavelength range of 0.4 to 2 1J m. The 

results of their experiment showed that transmittance through the 

individual grain kernels is negligible, and for a layer of grain, 
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the transmittance is determined by the degree of coverage provided 

by the sample thickness. This is to say that in the wavelength 

range 0.4 to 2 lJm or even in the solar spectrum, the grain kernels 

could be treated as opaque materials. The highest reflectance for 

the grains was observed between 0.8 to 1.3 }lm. The reflectance 

was considerably lower for wavelength range 0.4 to 0.8 11m and 

near infrared. 

From the literature review there seems to be a lack of 

information on thermal radiative properties of agricultural materials, 

especially in the solar spectrum (0.3 to 3 11m). Most of the work 

covered in the literature were concerned with determination of some 

thermal radiative properties of some agricultural products at a 

particular wavelength, and the sources of radiation were, in general, 

artificial. It is to be noted that the incident radiation on a 

test sample is the result of the radiative conditions at the source 

of the incident energy .. The wavelength or spectral distribution 

(spectral emissive power, W/m~llm) of the incident radiation is 

dependent on the temperature of the source, and is independent of 

the temperature or physical nature of the absorbing element (unless 

the radiation emitted from the absorbing surface is partially re

flected back to the surface). The maximum spectral emissive power 

occurs at different wavelengths for different source temperatures. 

In addition, materials, in general, behave differently in radiation 

emission. Thus it is difficult to replace the sun by an ordinary 

incandescent lamp or solar simulator since these artificial sources 

are not capable of producing wavelength distribution directly 

12 



proportional to that of the sun which has a surface temperature of 

about 6000 K. The overall absorptance of a product depends greatly 

on the wavelength distribution of the incident rays. 

Although spectral data of test samples could be obtained 

by the use of artificial sources, overall rather than spectral pro

perties are generally desired in solar energy utilization. The 

spectral data are normally available in the form of curves of the 

spectral property versus wavelengths. Generally, the spectral pro

perty represented by the curve will not be well approximated by a 

convenient analytical function, and in order to obtain a total value 

integration must be carried out numerically. The numerical inte

gration may be difficult and time consuming. Reliable and quick over

all thermal radiative data of test samples could be obtained by a 

calorimetric technique as was done in this investigation. 

13 



3. EXPERIMENTAL APPARATUS AND PROCEDURE 

3.1 Introduction 

The determination of the solar absorptance of an absorber 

involves a knowledge of the amount of the incident radiation striking 

the absorber. The total intensity of solar radiation falling on a 

surface varies from hour to hour and from day to day. The hourly 

and daily variation of the total solar radiation intensity is further 

complicated by the fact that the total radiation is made up of direct 

(beam) and diffuse (sky) radiations ( a discussion on direct and 

diffuse radiation and the intensity of total solar radiation on a 

surface is given in Appendix A). In addition, the angle of incid

ence of the direct radiation varies with the time of the day. 

In order to compare the solar absorptance and collector 

efficiency of different grain materials, a collector could be built 

for each grain to be tested. This is, of course, not economical. 

However, comparative studies could easily be made if two collectors 

were built and one used as a reference standard. Therefore, in this 

investigation, a reference standard collector with flat black paint · 

as the absorber and a grain collector with the grain as the absorber 

were built. The two collectors were of identical dimensions and 

framed and insulated of the same materials. 

In this way the relative solar absorptance and efficiency 

of a product with respect to the reference standard could be com

pared with the relative solar absoprtance and efficiency of another 

product. It was then possible to run comparative solar absorptance 
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and efficiency tests for a number of products at different dates and 

time of the day. 

3.2 The Reference Flat-Plate Collector and the Grain Collector 

Two rectangular-shaped collectors of identical external 

dimensions, except for the depth, were constructed. A collector with 

a flat-black metal~ absorber plate (the reference flat-plate collector) 

was used as a standard of comparison for the performance of the grain 

collectors. The reference collector was 62.6 em wide, 151.5 em long, 

and 14.4 em deep, externally. The grain collector was 3.8 em deeper 

than the reference collector to provide space for the grain. 

The body of each collector was made of a long box con-

structed out of plywood. The box was made in two parts - top and 

lower parts. Internally, a 5.1 em (2 inches) thick R-5.8 polystyrene 

foam insulation material was placed tightly on the bottom surface of 

the collector. For the reference collector a flat absorber plate 

was placed on top of the insulation board, and for the grain collector 

a 3.8 em thick layer of each grain tested was placed on the insula

tion board to form the grain absorber. The internal long sides of 

the lower part of each box were lined with a 2.5 em R-5.8 insulation 

material·well secured to the plywood surface with an adhesive. 

The box was made in two parts in order to open and close it 

with ease. The top part,, which was made of 0.3 em 11Water white 11 glass 

cover plate on a plywood framework, was hinged to the lower part and 

provided with tight locking staples (latch locks). The space be

tween the surface of the reference absorber plate and the bottom 

15 
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surface of the glass cover plate was 6.5 em, and it was the same dis

stance between the top of the grain layer of the grain collector and 

the glass cover. 

Air passages were provided at both ends of each collector 

box. The radiation absorbing surface of the reference collector 

was made of a thin layer of flat-b.lack paint sprayed in two steps on 

a 16-gage galvanized iron sheet. The effective dimensions of the sur

face of the absorber plate, the glass plate, and the grain absorber 

were for each 149 em long and 55 em wide. A sectional view of the 

reference collector or the grain collector is shown in Figure 3.1. 

The collectors were each mounted on a wooden stand with a 10° slope 

to the horizontal facing south towards the equator. 

3.3 Air Distribution System 

In a comparative study of this nature it was important to 

have similar test facilities to create conditions which were as 

nearly identical as possible. It was necessary to make the 

volumetric flow rate of air over the surfaces of the grain absorber 

and the reference absorber plate as closely matched as possible. 

17 

To achieve equal air distribution through the two collectors, 

agngle centrifugal fan was mounted in a galvanized iron round duct 

as shown in Figure 3.2. The duct was then connected to a U-shaped 

mani.fold which was designed to distribute air uniformly to the 

collectors. Another round duct was connected to each end of the 

distributing manifold, and it was made long enough to allow accurate 

air flow measurements without much turbulence. This long duct was 
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finally connected to one end of each collector air passage through 

a specially designed converging manifold. To reduce turbulence of 

air flow through the collectors, the fan was mounted at the outlet 

end of the flow so that air was drawn instead of being blown through 

the collectors. The air flow rate was adjusted as desired by a 

damper mounted close to the fan-end of each of the long ducts. A 

schematic diagram of the ai~ distribution system and the collectors 

is shown in Figure 3.2. The size B Centrifugal Fan manufactured by 

the Sirocco :canadian Company was powered by a 124.3 Watts (1/6 hp) 

motor rated at 1140 rpm. A pictorial view of the collectors and air 

distribution system assembly is shown in Figure 3.3 

3.4 Measuring and Recording Equipment 

20 

The total solar radiation (sum of direct,·diffuse andre

flected radiation) was measured by an Eppley Black and White pyrano~ 

meter (Figure 3.4). Throughout the test period this pyranometer wa.s 

inclined at a face angle of 10° to the horizontal to conform with the 

slope angle of both the reference collector and the grain collector. 

Like the collectors, the pyranometer was mounted facing south towards 

the equator. This arrangement provided a simple method of determining 

the total solar radiation on the collectors from the pyranometer 

record. 

The sensing element of the pyranometer is a differential 

type thermopile with the hot-junction receivers coated with Parsons' 

black, and the cold-junction receivers coated with non-hygroscopic 

barium sulphate. The response of this pyranometer is 11.52 x 10-6 

-2 Volts/Wm with Linearity of response of+ 1 percent. 
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Figure 3.4 EPPLEY BLACK AND WHITE PYRANOMETER 
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Figure 3.5 (a) HEWLETT-PACKARD PORTABLE STRIP CHART RECORDER 
(b) MECHANICAL COUNTER 
{c,d) ELECTRONIK 16 MULTIPOINT STRIP CHART 

TEMPERATURE RECORDER 
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The total solar radiation intensity measured by the pyrano

meter was continously recorded by a Hewlett-Packard Portable Strip 

Chart Recorder, Model 71558. The accuracy of this instrument is 

about + 0.4 percent of full scale at 25°C. 
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The temperature at different locations in the reference flat

plate collector and grain collector were measured by parallel-connect

ed copper-constantan thermocouples and recorded by an Electronik 

16 Multipoint Strip Chart Temperature Recorder (Figure 3.5). Cold 

junction compensation was provided in the recorder. The instrument 

accuracy is~ 0.25 ,percent of full scale. 

Radiation shielding was provided for the thermocouples by 

aluminum foil. For the measurement of the collector inlet and outlet 

air temperatures the thermocouple hot junction was suspended inside 

a plastic tube. The outer surface of the tube was covered first with 

about four wraps of adhesive paper and finally with four to five 

wraps of aluminum foil. For flat surface temperature measurements, the 

thermocouple hot-junction was first secured to the surface with 

adhesive paper and finally covered with two to three layers of aluminum 

foil. Figure 3.6 shows some of the thermocouple locations on the 

collectors. 

The air velocity in the long ducts of the air distribution 

system was measured by an Air Flow Meter or Constant-Temperature Hot

Wire Anemometer which was provided with two meter scales, providing 

direct measurement of air velocity. The calibrated accuracy of this 

instrument is ! 3 percent. 

Finally, during each period of the experiments the wind speed 

near the collectors was measured by a Rimco Minature 32 mm Cup 

Anemometer. The number of revolutions undergone by the cups 
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for any period of time was recorded by a mechanical counter with. 

read-out. 

The miniature cup anemometer was supplied by the Hydrology 

Division of the College of Engineering, University of Saskatchewan. 

According to the calibration test conducted for·the anemometer by 

the division, the wind speed is given by the following expression: 

where 

Vw = 0.16381 + 0.01284 x RPM 

- 0.31243 X ·lo-16 X (RPM) 2 

V = wind speed, meters/sec; and w 

RPM = number of revolutions per minute undergone by the 
cups 

It was necessary to determine the wind speed in order to 

estimate the convection heat transfer coefficient between the 

( 3. 1) 
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surrounding air and the collector cover glass. This heat transfer 

coefficient is given approximately by the following empirical relation

ship derived by McAdams (2S): 

where 

h = 5.7 + 3.8 v w w 

hw = convection heat transfer coefficient due to wind, 
W/m2 °C. 

* The accuracy of the anemometer is about ~ 0.07 m/sec. 

(3.2) 

* Obtained from personal communication with the Hydrology Division. 



3.5 Experiments 

In order to ascertain the uniformity of air distribution 

and dimensional similarity for the two collectors, the same quantity 

of wheat was placed at the same level in both reference and grain 

collectors. The dampers were set at the same point. The air flow 

meter was used to measure the air velocity which was found to be 

the same for the two collectors. The temperature readings of both 

collectors were found to be identical with very little difference 

in only the bottom surface temperatures of the grain absorbers. 

This negligible difference may be attributed to the slightly differ

ent heat flow path created by the flat-plate absorber in the first 

collector. The identical temperature readings, therefore, signified 

good dimensional similarity for the two collectors. 

In running the comparative tests the following agricultural 

products were used as absorbers for the grain collector: 

Experiment 1 Hard Red Spring Wheat. 

Experiment 2 

Experiment 3 

Experiment 4 

Experiment 5 

Experiment 6 

Experiment 7 

Long Grain Brown Rice. 

Long Grain White Rice. 

Brown Beans. 

Yellow Corn 

Peanuts (Groundnut) in-shell. 

Black-eye White Beans (cowpeas). 

At least two tests were run for each grain, and in some cases three 

to four repeats were made in order to obtain results under relatively 

clear sky conditions. All grains used were initially in normal stor

age conditions, that is, they had been previously dried to a safe 
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moisture content. 

At the beginning of each experiment a sufficient quantity 

of the grain to be tested for solar absorption characteristics was 

weighed and spread uniformly on the insulation board. A sample of 

the grain was taken at the same time to determine the initial moisture 

content by the oven method. After the grains were uniformly spread 

over the surface, the grain surface thermocouples with the radiation 

shields were placed in apporpriate positions. The fan was then 

switched on and the air velocity taken at the same location on the 

long duct for both collectors. The dampers were adjusted until the 

air flow reading was the same in each collector. Finally, the multi

point strip chart recorder and the mechanical counter were switched 

on. Efforts were made to expose the two collectors to solar radia

tion at the same time. 

At the end of each experiment a few representative samples 

of grain were picked from different locations on the grain layer, and 

taken straight to the oven for final moisture content determination. 

In order to make the starting condition of the test equip

ment as close as possible for all the tests performed, the glass sur

face was cleaned thoroughly, and dust was blown off the absorber 

plate with air at the start of each experiment. 
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4.1 Introduction 

4. THEORETICAL ANALYSIS OF THE 
FLAT-PLATE COLLECTORS 

A solar collector transforms solar radiant energy into some 

other useful energy form, for example, heat energy. For flat-plate 

collectors the area absorbing solar radiation is the same as the 

area intercepting solar radiation. The theoretical thermal per

formance analysis of a flat-plate collector with a single glass 

cover developed in this chapter applies to both the reference and 

grain collectors. The derivations from this analysis were used in 

obtaining the experimental results presented and discussed in Chapter 

5. 

4.2 Total Solar Irradiation of a flat-plate 

The total solar irradiation of a terrestrial surface of any 

orientation and tilt, with an incident angle 9, designated as It' is 

the sum of the direct or beam component, Ib, plus the diffuse com
ponent coming from the sky, Id' plus whatever amount of reflected 

short wave radiation, Ir' may reach the surface from the earth or 

from adjacent surfaces: 

where 

(4.1) 

Ib = I0N case; and 

IoN = intensity of the direct or beam normal irradiation 
at the earth's surface. 
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On a clear day r0N is given by 

where 

A (4.2} 

A = apparent solar irradiation at air mass M = 0; 

B = atmospheric extinction coefficient (function of the 
time of the year and water vapour content of the 
atmoshpere); and 

QH = solar angle of incidence on a horizontal surface. 

The values of the parameters A and Bare given in Table 4.1. 
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The diffuse component of the total solar irradiation is diffi

cult to estimate because of its non-directional nature. However, for 

a clear sky condition, it is a good approximation to assume that both 

beam and diffuse radiation have the same angle of incidence. The 

basis of the above assumption is explained in the Appendix A. 

The intensity of the reflected radiation which reaches any 

surface depends upon the nature of the reflecting surface and upon 

the incident angle between the sun's direct beam and diffuse radiation 

and the reflecting surface. Liu and Jordan (23) recommended an average 

ground reflectance of 0.2 without snow cover. 

If the total solar irradiation on a ground surface is de

noted by Itg' the ground-reflected-radiation, Irg' falling upon a 

surface with slope S is given by 

where 

I - P I F rg g tg sg 

Fsg = angle factor from the surface of the ground 
= (1-CosS)/2; and 

Pg = ground reflectance. 

(4.3) 



Table 4.1 , Extraterrestrial Solar Radiation Intensity, Apparent Solar 
Irradiation and Atmospheric Extinction Coefficient for 
each Month of the Year. 

Extra terrestrial 
Solar 
Radiation Apparent Atmospheric 

Month Intensity Solar Irradiation Extinction 
of the !

0
, w;m2 at Air Mass M = 0 Coefficient 2 Year A, W/m B (Dimensionless) 

January 1395.6 1229.5 0.142 

February 1384.3 1213.7 0.144 

March 1363.5 1185.3 0.156 

April 1340.8 1134.9 0.180 

May 1320.6 1103.4 0.196 

June 1309.9 1087.6 0.205 

July 1311 . 1 1084.5 0.207 

August 1324.1 1106.5 0.201 

September 1344.5 1150.7 0.177 

October 1366.9 1191 . 6 0.160 

November 1387.7 1220.0 0.149 

December 1398.4 1232.6 0.142 
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The ground reflection is considered diffuse so that the intensity of 

ground-reflected-radiation falling on the surface is in all directions. 

With the assumed angular nature of diffuse radiation for 

clear sky conditions thetotal irradiation of a surface is, therefore, 

given by 

(4.4) 

The method of calculating the angle of incidence for a tilted or 

horizontal surface at any time of the day at any location on earth's 

surface is discussed in Appendix A. The relationship between the 

direct and diffuse radiation for clear sky condition as recommended 

by Liu and Jordan ( 23 ) is also given in Appendix A. 

4.3 The Basic Flat-Plate Energy Balance Equation and 
Collector Efficiency 

The important parts of a typical flat-plate collector, as 

shown in Figure 4.1, are: the solar energy absorbing surface, with 

means for transferring the absorbed energy to a fluid; envelopes 

transparent to solar radiation over the solar absorber surface which 

reduces convection and radiation losses to the atmosphere; and back 

insulation to reduce conduction losses as the geometry of the system 

permits. 

The performance of a solar collector is described by an 

energy balance that indicates the distribution of the incident solar 

energy into useful energy gain and various losses. The energy 

balance of the whole collector can be written as 



DIFFUSE SOLAR 
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DIRECT SOLAR 
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where 
2 Ac = co 11 ector area, m ; 

(4.5) 

It = total solar irradiation of the co112ctor cover plate 
with transmittance equa 1 to 't", (W/m ) ; 

( '(~) = transmittance-absorptance product of the collector 

= "!' OJ, 

1-(1- ~ )Pd 
dimensionless factor 
(method of determining ( 't'OL) is 
given in Appendix A) 

Qu = rate of useful heat transfer to a working fluid in 
the solar exchanger, (Watts); 

Q = rate of energy losses from the collector to the 
L surroundings by reradiation, convection, and by con

duction through supports for the absorber plate, etc. 
The losses due to reflection from the covers are in
c 1 uded in the term ( 1:01, ) above, (Watts) ; and 

Qs =rate of energy storage in the collectors ,(Watts). 

A measure of collector performance is the collector 

efficiency, defined as the ratio of the amount of heat usefully 

collected to the total solar irradiation during the period under 

consideration. 

(4.6) 

where T) = collector efficiency, dimensionless. 

Instantaneous efficiencies during the middle of the day, when the in

cident angle is favourable, are generally higher than day-long 

efficiencies, which must take into account the high and unfavourable 

incident angles that prevail during the early morning and late after 
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noon hours. 

The loss due to reflection from the cover plate is approxi

mately 8 percent for a single-glass-glazed collector for incident 

solar radiation angles up to 35°. The loss by reflection 

increases with the number of glazings. 
Disposition of the energy absorbed by the glazing is more 

complex, since a rise in the glass temperature means that the heat 

flow from the absorber plate.to the glass cover is somewhat reduced. 

When absorption is taken into account the losses from single glazing 

material (glass) may be approximately 10 percent for incident angles 

up to 40°. The use of thin plastic films would reduce these losses 

significantly, but such films have the disadvantage of transmitting 

from 30 to 95 percent of the longwave thermal radiation emitted from 

the absorber plate. The combination of an outer glass plate and one 

or more inner plastic films has interesting possibilities of reduc

ing both reflection and radiation losses. 

The major component of the losses from a well-insulated 

collector is the upward heat flow from the plate to the atmosphere. 

The upward heat flow is a function of the emittance of the absorber 

plate for longwave radiation, the temperature difference between 

the plate and the air above the glazing, and the wind velocity. 

4.4 Modelling Assumptions 

For a flat-plate collector of the configuration shown in 

Figure 4.1, the energy transferred to the fluid will heat up the 

fluid causing a temperature gradient to exist in the direction of 
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flow. Since in any region of the collector the general temperature 

level is governed by the local temperature level of the fluid, a 

situation such as shown in Figure 4.2 is expected. The graph is a 

general temperature distribution at any location y in the direc

tion of flow. It is assumed there is no significant variation of 

absorber plate temperature in the X-direction i.e. along the width 

of the plate at a given y location. 

To model the situation shown in Figure 4.2, a number of 

simplifying assumptions can be made without obscurrtng the basic 

physical situation. These important assumptions are: 

1. Performance is steady-state. 

2. The ends of the collector cover a small area and can 

be neglected. 

3. End passages provide uniform flow of fluid over the 

collector plate surface. 

4. There is no absorption of solar energy by the cover 

in so far as it affects losses from the collector. 

5. There is one-dimensional heat flow through the cover. 

6. There is a negligible temperature drop through the 

cover. 

7. The heat flow through back and edge insulation is 

one dimensional. 

8. The sky can be considered as a blackbody for long

wavelength radiation at an equivalent sky temperature. 

9. Properties of the fluid and absorbing surface are in

dependent of temperature. 
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10. Heat losses through the front and back of the collector 

are to the same ambient temperature. 

11. The effect of dust and dirt accumulation on the 

collector are negligible. 

12. Shading of the collector absorbing plate is negli

gible. 

In a later section in this chapter the absorption of solar 

energy by the cover will be taken into account in developing the 

effective transmittance - absorptance product. 

4.5 Collector Heat Transfer Coefficients and Overall Heat 
Loss Coefficient 

In developing the concept of an overall loss coefficient for 

a solar collector it is convenient to consider the thermal network 

for a single-cover system shown in Figure 4.3. At some typical 

location on the absorber plate where the temperature is Tp' solar 

energy of the amount I is absorbed by the plate; I is equal to 
S· S 

[It(,;~)]. This absorbed energy, Is' is distributed to losses 

through the top, bottom, and edges and to useful energy gain. The 

equivalent thermal network of Figure 4.3 is shown in Figure 4.4. 

The energy loss through the bottom of the collector is re

presented by two series resistors, R1 and R2. R1 represents the re

sistance to heat flow through the insulation and external support 

framework, and R2 represents the convection and radiation resistance 

to the environment. The magnitudes of R1 and R2 are such that it is 

usually possible to assume R2 is zero and all resistunce to heat flow 

is due to the insulation. Thus the back loss coefficient, Ub' is 
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approximately 

where 

1 
u = 1 

b R1 

K. = insulation thermal conductivity; 
1 

Ks = thermal conductivity of the support material; and 

= thickness of insulation and support material, 
respectively. 

(4.7) 

For most collectors the evaluation of edge losses is com

plicated. However, in a well-designed system the edge loss should be 

small so that it is not necessary to predict it with great accuracy. 

Tabor (30) recommends edge-insulation of ~bout the same thickness as 

bottom insulation. The edge losses are then estimated by assuming 

one-dimensional sideways heat flow around the perimeter of the 

collector system. 

The loss coefficient for the top surface is the result of 

convection and radiation between parallel plates. The energy transfer 

between the absorber plate and the cover plate is equal to _the 

energy lost to the surroundings from the cover plate. (This is not 

true at any instant of time if energy storage in the glass is con

sidered or if the glass cover. absorbs solar energy.) The loss 

through the top per unit area is then 

1 + 1 - 1 
(4.8) 

€.p E.c 
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where 

£ = p 

heat transfer coefficient between the parallel 
plate and cover; 

emittance of the absorber plate at temperature TP; 

£c = emittance of the cover plate at temperature Tc; and 

cr = Stefan-Boltzmann Constant 

= 5.6697 x 10-8 Wtm2K4 

The radiation term (second term of Equation (4.8))applies if 

the plates are considered infinitely long. If the radiation term 

is linearized, the radiation heat transfer coefficient can be used 

and heat loss becomes 

(4.9) 

where 

hrpc = radiation heat transfer coefficient 

= () (T + T ) (T 2 + T 2) 
p c p c 

(4.10) 

The resistance, R3, can then be expressed as 

1 (4.11) 

Methods of determining the heat transfer coefficient, h , and the pc 
radiation heat transfer coefficient, h , are given in _Appendix A. rpc 

The last resistance from the top cover to the surroundings 

has the same form as Equation(4.11},but the convection heat transfer 

coefficient is for wind blowing over the collector. A method of 
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estimating the convection heat transfer coefficient due to wind was 

given in Chapter 3. The radiation resistance from the cover accounts 

for radiation exchange with the sky at T k . The radiation heat s y 

transfer coefficient can be written as 

hrcw = E.c:.cr (Tc + Tsky) (T / + Tsk/) 

The resistance to the surrounding is then given by 

R = ~-1--:--_ 
4 hew + hrcw 

where 

(4.12} 

(4.13} 

h = convection heat transfer coefficient due to wind. cw 

By equating the energy transfer between the plate and the cover equal 

to the energy transfer between the cover and the surroundings, hew is 

given by the following equation: 
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(4.13b} 

where 

T = ambient temperature (assumed equal to the sky 
a temperature}. 

For the single-cover system the top loss coefficient from 

the collector absorber plate to the ambient is 

u = 1 
t R3 + R4 

= J:hpc! hrpc + hew! hrcw 

(4.14} 



Finally, the overall loss coefficient, UL' is found by add

ing together the top and bottom coefficients: 

uL = ut + ub (4. 15) 

The edge loss coefficient may be represented by Ue and if the 

effect of edge losses is included in calculating the overall loss, 

the overall loss coefficient then becomes 

uL = ut + ub + Ae ·ue 

Ac 
The rate of energy losses from the collector to 

therefore given by 

Q = A U (T - T ) L c L p a 

where 

Ta = ambient temperature 

(4.16) 

the surroundings is 

(4.17) 

4.6 Useful Heat Gain, Collector Efficiency Factor, and Collector 
Heat Remova 1 Factor 

The useful heat gain can be derived in terms of inlet and 

outlet fluid temperatures. Let Tfi and Tfo be the inlet and outlet 

temperatures, respectively. Assuming the fluid properties do not 

change with temperature, the useful heat gain is equal to the 

change in enthalpy of the fluid. Therefore, the useful heat gain 

is given by 
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(4.18) 

where . 
M = mass flow rate of fluid. 



. 
M = V p ,Kg/sec.; 

V = volumetric flow rate, m
3/sec.; 

I' = density of the fluid, Kg/m3 ; 

C = specific heat of the fluid, J/Kg°C or W.S./Kg°C; 
p 

Tfi = fluid inlet temperature, 0c; and 

Tfo = fluid outlet temperature, 0c. 
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Neglecting heat storage in the collector the useful heat gain 

can also be found in terms of heat loss and total solar irradiation 

of the collector. 

where 

Qu = Ac [It (1[ ct )] - QL 

= Ac Is - Ac UL (Tp - Ta) 

= Ac [Is - UL (Tp - Ta)] 

= A FR [I - UL (Tf. - T )] c s 1 a 

FR = collector heat removal factor 

= MCP (Tfo - Tfi)/ [Is - UL (Tfi - Ta)] 
Ac 

(4 .. 19) 

Because of the variation of the temperature difference between 

the absorber plate and the fluid along the flow path, the heat loss 

also changes along the flow direction. Consequently, the useful heat 

gain varies from location to location along the flow path. The instantan

eous heat gain per unit area at any location along the flow path can 

be found in terms of the fluid temperature at the location, the over-

' all loss coefficient, and collector efficiency factor, F. A schematic 
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of the collector and thermal network at a given location along the 

path is shown in Figure 4.5. In deriving the instantaneous heat gain 

per unit area and the collector efficiency factor, it is assumed the 

back losses are negligible. 

At some location along the flow direction the absorbed solar 

energy heats up the plate to a temperature T . Energy is transferred p 

from the plate to the fluid at Tf through convection heat transfer 

and to the bottom of the cover glass by radiation. Energy is trans

ferred to the cover glass from the fluid by convection and, finally, 

energy is lost to the ambient air by convection and radiation. 

Energy balances on the cover, the plate, and the fluid yield 

the following equations: 

where 

U (T - T ) + h (T - T ) + h1 (Tf - T ) = 0 w a c r p c c 
I + h2 (Tf - T ) + h (T - T ) = 0 s p r c p 

hl (Tc - Tf) + h2 (Tp - Tf) = qu 

(4.20) 

(4.21) 

(4.22) 

h = radiation heat transfer coefficient between the plate 
r and the cover glass; 

h1 = convection heat transfer coefficient between the fluid 
and the cover glass; 

h = convection heat transfer coefficient between the fluid 2 and the absorber plate; and 

U = combined convection and radiation heat trans~er co-
w efficient between the cover glass and ambient. 

qu = useful energy gain per unit collector area. 

The above three equations are solved so that the useful gain is ex-

pressed as a function of Uw' h1, h2, Tf and Ta. 

equations gives 

Solution of the 

(4.23) 
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where 
h u -1 

F = 1 + r w (4.24) 
hrhl + h2Uw + h2hr + h1h2 

= collector efficiency factor 

UL = uw 
1 + {Uwh2) (hlh2 + hlhr + h2hr) 

(4.25) 

hr = (T 2 + T 2) (T + T ) 
Q c Q c 

1 + 
, 

- 1 

(4.26) 

£c £p 

The heat transfer coefficients, h1 and h2, between the fluid (air) 

and the duct walls can be assumed equal with considerable simplifica

tion in the above equations. This assumption is reasonable since 

the fluid properties which affect the convection heat transfer co

efficients do not change significantly at any given location along 

the flow path between the absorber plate and the cover glass. 

In ·order to account for back losses, it is sufficient to 

add the back loss heat transfer coefficient, Ub' to the top loss 

coefficient, U . This assumes that the back losses occur from 
w 

Tc instead of Tb' but the resulting error should be small. 

4.7 Mean Plate Temperature and Mean Fluid Temperature 

To evaluate collector performance, it is necessary to know 

the overall loss coefficient UL. However, UL is a function of ab

sorber plate temperature and an iterative approach becomes necessary. 

The mean plate temperature will always be greater than the mean fluid 

temperature due to the heat transfer resistance between the absorb-
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ing surface and the fluid. This temperature difference is usually 

small for liquid systems but may be significant for air systems. 

The temperature difference between the absorber plate and 

the fluid will not be constant along the flow direction due to 

changes in the collector heat loss. However, as an approximation, 

the mean fluid temperature and mean plate temperature are related 

by 

where 

Rpf = heat transfer resistance between the plate and 
the fluid. 

(4.27) 

For air systems the major heat transfer resistance between the plate 

and the fluid is the convection heat transfer coefficient. 

4.8 Effective Transmittance - Absorptance Product 

In Appendix A, the transmittance-absorptance product is 

discussed. In section 4.5 the expressions for UL were derived 

assuming that the cover did not absorb solar radiation. In section 

4.6 the useful heat gain was determined, and in order to maintain 

the simplicity of Equation (4.19) and account for the reduced losses 

due to absorption of solar radiation by the glass, an effective 

transmittance-absorptance product will be introduced. 

All of the solar radiation that is absorbed by a cover 

system is not lost, since this absorbed energy tends to increase the 

cover temperature and ~onsequently reduce the losses from the plate. 

Considering the thermal network of a single-cover system shown in 
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Figure 4.6, the solar energy absorbed by the cover is It (1 -1r), where 

't is che transmittance considering reflection and absorption. The Ex

pression for 1: is obtai ned in Appendix A. The 1 oss for Figure 4. 6a, 

without absorption is u1 (TP - Tc) and the loss for Figure 4.6b, 
I 

with absorption is u1 (T - T. ). It is assumed here that the small p c 
amount of absorption in the cover and consequent increased cover 

temperature does not change the magnitudes of u1 and u2. The differ

ence, D, in the two 1 ass terms ;· s 
I 

D = u1 [ ( T - T ) - ( T - T ) ] p c p c (4.28) 

The temperature difference (T - T ) can be expressed as 
p c 

( T p - T c ) = ( T p - '"( ) UL (4.29) 

u, 
where 

assuming for simplicity that over
all loss coefficient and top loss 
coefficient, Ut' are identical 

The temperature difference (T - T ') can be expressed as p c 

(T - T I) = u (T - T ) - I ( 1 - 't) p c 2 . p a t == _ 
u1 + u2 

therefore, 

D = (T - T ) UL - u1u2 (T - T ) p a p a 
u1 + u2 

or 

(4.30) 

(4.31) 
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The quantity D represents the reduction for collector losses 

due to absorption in the cover but can be considered an additional 

input in the collector equation. The useful gain of a collector 

is then 
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(4.32) 

where 

G = mass flow rate per unit of collector area 
• = M 

Ac 

By defining the quantity ( 1: Qt) + ( 1 - '(.) UL 

u2 

as the effective transmittance-absorptance product, the simplicity 

of Equation (4.19) can be maintained. For the one cover system, the 

effective transmittance-absorptance product is, therefore, given by 

('"C~)e = ('t:Cl!) + (1 -T} UL 

Uz 
(4.33) 

The transmittance '( in the ( "( ~ ) term is the transmittance of the 

cover considering absorption and reflection. This is found in 

Appendix A for different angles of incidence. 

The equations developed in this chapter together with the 

experimental data provided the means for calculating the solar ab

sorptances of the grains. 



5. RESULTS AND DISCUSSION 

5.1 Introduction 

In the theoretical analysis of a flat-plate collector with 

single glass cover in Chapter 4, a steady-state condition was assumed, 

and solar energy absorption by the glass cover was neglected. 

Actually, the operation of mo_st solar energy systems is inherently 

transient; there is no such thing as steady-state operation _when one 

considers the transient nature of the driving forces, such as solar 

radiation intensity, wind speed, and ambient temperature. However, 

sufficiently accurate values for thermal radiative properties of the 

collector materials could be obtained if short intervals of time (one 

to three hours) were used for collection of data. In analysizing 

the results of the experiments following the procedure outlined in 

Chapter 4, the steady state assumption was maintained, and the in

terval of time for collection of data used in the calculations was 

limited to two hours. The instantaneous values of a particular para

meter used in the calculations were summed up and averaged over the 

time interval to obtain the steady-state average value. The results 

obtained from these calculations were, therefore, considered to be 

average values. However, since the time interval was small, and 

ambient conditions relatively stable, the deviation of the instan

eous values from the average value were small. 

The corrections to the transmittance - absorptance product, 

1r~ , to account for the multiple reflections and absorption in the 

glass [ i.e. (rc ct) and ("tq) ] are usually small for a well e 
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designed collector. However, since the interest was in determination 

of directional solar absorptance for the collector absorbing materials, 

in order to obtain a sufficiently accurate result, it was considered 

necessary to include these corrections. 

5.2 Important Notations 

For a clear understanding of the following analysis, the 

following important notations which apply to the two collectors are 

to be noted. Subscript R denotes the reference collector and sub

script G denotes the grain collector. Parameters without any of these 

two subscripts apply to both reference and grain collectors. With 

this system of notation the temperatures at different locations in 

the two collectors are denoted as shown in Table 5.1. Other notations 

are described in the subsequent sub-sections. 

5.3 Average Isolation and Average Collector Temperatures 

The average intensity of solar radiation was calculated by 

two methods from the strip chart recording of the pyranometer aut-

put signal. The record obtained from the chart was total solar 

radiation at any instant given in units of Watts/m2. 

Firstly, the average intensity of radiation was obtained 

using a planimeter. Secondly, instantaneous values of solar intensity 

of radiation were taken from the chart at short intervals of ten 

minutes, summed up and averaged over one hour interval. The second 

method, though more tideous, seemed more accurate than the planimeter 

method. However, the difference in average solar intensity obtained 



Table 5.1 Temperature Notations 

PARAMETER 

Inlet air temperature 

Outlet ait temperature 

Absorber top surface temperature 

Absorber bottom surface temperature 

Glass cover bottom surface 
temperature 

Glass cover top surface temperature 

Ambient temperature 
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NOTATION 

Reference Grain 
Collector Collector 

T Rl T Gl 

TR2 TG2 

TR3 TG3 

TR4 TG4 

TR5 TG5 

TR6 TG6 

Ta Ta 
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Table 5.2 Initial and Fi~al Conditions of each Experiment 

Condition ExEeriment 

1 2 3 4 5 6 7 

Date 6:9:77 14:10:77 28:9:77 10:9:77 11:9:77 13 : 9 : 77 12 : 1 0 : 77 

Starting Solar 
Time 12.30 11.25 10.43 10.30 10.15 1 . 15 11.45 
End 16.30 15.25 '14. 43 10.30 17.15 18.15 16.45 

Grain Material Hard- Brown White Brown Yellow Peanuts Cowpeas 
Red Rice Rice Beans Corn in- ( B1 ack-

Used Wheat shell Eyed White 
Beans) 

Initial 
Weight, Kg. 20.47 24.80 19.50 21.39 19.71 9.8 22.0 

Moisture 
Content,% d.b. 9.47 9.77 9.84 10.66 10.18 4.43 11 . 5 

Fi na1 
Weight, Kg. 20.34 24.516 19.224 21 . 11 19.38 9.67 21.45 

~oisture 
Content,% d.b. 8.79 8.52 8.29 9.23 8.33 3.01 8.7 

Weight of 
Moisture 
Removed, Kg. 0.130 0.284 0.276 0.276 0.331 0.331 0.55 

Air Velocity, 
mjsec. 2 2 2 2 2 2 2 



by the two methods was very small in all the experiments, and the 

average value from the second method were used in subsequent calcula

tions. The average isolation rate, It, was, therefore, obtained as 

It = I, chart X Ac 

where I, chart= average intensity of solar radiation calculated 
from the chart record. 

(5.1) 
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The total intensity of solar radiation was made up of direct, 

diffuse and reflected radiation. Since the collectors were inclined 

at an angle of 10° to the horizontal, the angle factor [(1 - CoS10°)/2 

= 0.0076] was very small. Consequently, the intensity of the ground 

reflected radiation falling on the collectors for ground reflectance 

of approximately 0.2 was very small or negligible. The ground reflec

tion was also considered diffuse. For the reason given in Appendix 

A, the total radiation was treated as though it was all beam radiation 

at an angle of incidence a. 
The average temperatures at different locations in the 

collector and the average ambient temperature were obtained from the 

instantaneous values shown in Table B-1 of Appendix B. Table 5.3 also 

shows the average insolation and average temperatures for both collec

tors. 

For the reference collector, the absorber top surface 

temperature, TR3, was very nearly equal to the bottom surface tempera

ture, TR4~in all the tests. In the case of the grain collector some 

difference was observed as indicated in Table 5.3 and Table B-1 of 

Appendix B for instantaneous temperatures. The bottom surface glass 

temperatures, TRS or TGS' were also nearly equal to the top surface 



Table 5.3 Average Insolation and Average Temperature Records 

Reference Collector Grain Collector 

Average 
Isolation 

TRl * TR2 TR3 TR4 TR5 TR6 1Gl 1G2 TG3 ExQeriment Watts 

1 . 533.70 19.5 28.8 43.0 43.0 27.6 27.6 19.5 26.6 38.8 

2. 499.49 12.3 22.3 32.4 32.4 19.5 19.5 12.3 20.1 29.7 

3. 536.13 13.4 24.5 37.5 37.5 23.9 23.9 13.4 19.8 32.8 

4. 579.39 15.9 28.2 42.3 42.3 26.5 26.5 15.9 25.7 37.2 

5. 584.70 15.6 27.5 43.7 43.7 26.7 26.7 15.6 25.0 3? .1 

6. 563.81 24.6 35.8 49.8 49.8 35.0 35.0 24.6 36.2 42.3 

7. 505.24 17.4 27.9 37.8 37.8 25.7 25.7 17.4 25.0 32.2 

* All temperatures were measured in °c. 

TG4 TG5 

39.0 26.0 

28.7 18.3 

32.6 21.3 

36.4 23.9 

34.1 23.1 

42.3 31.3 

26.2 22.7 

Ambient 
TemQ. 

TG6 T a 

26.0 19.5 

18.3 12.3 

21.3 13.4 

23.9 15.9 

23.1 15.6 

31.3 24.6 

22.7 17.4 

Ul 
Ul 



temperatures, TR6 or TG6. The ambient temperatures, Ta' were always 

equal to the air inlet temperatures, TRl or TG1. 

5.4 Determination of the Collector Heat Losses and 
Useful Heat Gain. 

The collector total heat loss, QL' is the sum of the back 

heat loss, Qb' edge heat loss, Qe' and top heat losses, Qt . In 

calculating these heat losses following the procedure in Chapter 4, 
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the sky temperature was assumed to be equal to the ambient temperature. 

This is, however, approximately true for the time of the year when the 

tests were conducted. For small difference between the ambient and 

sky temperatures the error introduced in the calculations would be 

negligible (10). 

The collector back heat loss, Ub' was obtained from Equation 

(4.7). The back heat loss was based on the temperature difference be-

tween the collector absorber bottom surface temperature and the ambient 

temperature. 

The edge heat loss was estimated by assuming one-dimensional 

sideways heat flow around the perimeter of the collector system. The 

mean temperature difference for the edge heat loss was also based on 

the absorber and ambient temperatures. Hence, for the reference 

collector the edge loss was obtained from the equation 

Qe = AcUe (TR3 - Ta) 

and for the grain collector 

Qe = AeUe (TG3 + TG4) 
2 

- T ) a 
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For the length of the collectors built (1 .49 meters) turbulent 

flow was considered not fully developed. Therefore, taking into 

account the entrance effects, Equation (A.29) in Appendix A recommend

ed by Nusselt (26) was used in calculating the convection heat trans

fer coefficient, hpc' between the absorber and the glass bottom sur

face. The heat transfer coefficient, hew' due to the wind was deter

mined as a first approximation from Equations (3.1) and (3.2). Values 

of hew obtained from these two equations were generally higher than 

those calculated from Equation (4.13b). However, the difference was 

always very small and the values of h used in determining the cw 
collector top heat losses were those obtained from Equation (4.13b). 

The radiation heat transfer coefficient, hrpc' between the 

absorber and glass cover was determined using Equation (A.27) of 

Appendix A. For this, the angle factor, F , was obtained as approxi-pc 
mately 0.85 from Figure A.8. Also the average total hemispherical 

emittance ~f the reference collector absorber plate and the glass 

cover were obtained from ASHRAE (2) as 0.96 and 0.94, respectively, 

for the range of temperatures encountered in the tests. By consider

ing the energy transfer between the grain absorber top surface and 

the bottom glass surface equal to the heat loss between the top glass 

surface and the ambient, the average grain absorber emittances·were 

also obtained. 

Finally, the top loss coefficient, Ut , was obtained from 

Equation (4.14), and the overall heat loss coefficient, UL' from 

Equation (4.16). Table 5.4 shows the calculated heat transfer coe

efficients for both reference and grain collectors. The back, edge 



Table 5.4 Summary of Convection and Radiation Heat Transfer Coefficients (Watts/m °C) 

Experiment Reference Collector Grain Collector 

* h pc 

. hrpc 

hew 

hrcw 

hpc *_ __hr~~---- h ~w hrcw_ U t hPC: hrPc: h cw hrcw U t 

33 
97 
26 
67 
84 
65 
53 

= convection heat transfer coefficient 
between the collector absorber and 
the glass cover 

= radiation heat transfer coefficient 
between the collector absorber and 
the glass cover 

= convection heat transfer coefficient 
for wind blowing over the top of the 
glass cover 

= radiation heat transfer coefficient 
between the top glass cover and the 
sky 

6.12 
6.25 
6.25 
6.12 
6.25 
6.12 
6.12 

u t = 

ub = 

ue = 

4.79 15.71 5.51 
4.11 14.32 5.12 
3.70 9.07 5.22 
3.95 11.17 5.36 
4.64 11 .89 5.32 
3.86 10.12 5.81 
4.61 10.60 5.39 

overall top loss coefficient 

For the thickness of insulation used 

0.0839 

0.163 

0'1 
(X) 



and top heat losses for both reference and grain collectors are also 

shown in Table 5.5. From this table the back and edge heat losses 

are seen to be negligible compared with the top heat losses. 

The useful heat gain by the air was found in terms of in

let and outlet air temperatures by calculating the enthalpy change 

for the air from Equation (4.18). For this calculation the air mass 

flow rate was obtained from the measured air velocity, and the fluid 

properties used were based on the average air temperatures. 

Another component of useful heat gain for the grain 

collector only was the amount of latent heat required to evaporate 

moisture from the grains. From Table 5.2 it is seen that very little 

moisture was removed from the grains in each test. 

Although the grain moisture was held as bound water, it was 

assumed for simplicity that moisture was removed from the grains at 

a constant rate for the period of each experiment and that the amount 

of heat required to evaporate a unit mass of water was equal to the 

heat of vaporization of water. This assumption is approximately true 

for unbound water. However, considering the amount of moisture 

involved, a fairly good estimate of the heat required for moisture 

evaporation could be obtained with the above assumption. The heat 

rate, QGUW' for grain moisture removal was, therefore, obtained as 

QGUW = qw x W (5.2) 
~t 

where qw = heat of vaporization of water, J/Kg; 

w = amount of moisture removed, Kg 

6~ = time interval, sec. 
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Table 5.5 Summary of Heat Losses and Useful Heat Gain (Watts) 

Ex~eriment Reference Collector Grain Collector 
QRua = 

QRb* QRe QRt QRu QTotal QGb QGe QGt QGua QGuw QGu QTota1 

1 • 1.62 1.06 141.16 279.43 423.27 1.34 1. 33 113.09 213.33 22.15 235.48 351.24 
2. 1.38 0.87 114.81 300.46 417.52 1 .13 1.16 95.54 234.43 48.23 282.66 280.49 
3. 1.56 0.98 124.23 333.52 460.29 1.32 1.32 92.53 192.3 47.04 239.34 334.51 
4. 1.82 1 .14 144.30 369.52 516.78 1 .41 1 .41 108.40 294.46 37.63 332.09 443.31 
5. 1.66 1.05 157.51 357.55 517.77 1.09 1.09 105.79 282.44 32.23 314.67 422.64 
6. 1 . 73 1.08 134.06 336.52 473.39 1. 22 1 . 21 88.34 348.54 18.13 366.67 457.43 
7. 1.40 0.88 109.17 315.48 426.93 0.61 0.61 82.48 228.35 53.75 282.10 365.8 

* QRb; QGb = collector back heat loss 

QRe; QGe = collector edge heat loss 

QRt; QGt = collector top heat loss 

QRua;QGua = useful heat gain by air 

QGuw = useful heat gain by moisture removal from grains 

QRu;QGu = total useful heat gain 

QTotal total heat loss plus useful heat gain m = 0 



Table 5.5 also shows the collector useful heat gain for both 

reference and grain collectors. QRua or QGua was the useful heat 

gain by air. The sum of useful heat gain and total heat loss, denoted 

by QTotal' is also shown in Table 5.5 for both collectors. 

5.5 Determination of Average Directional Solar Absorptance 
for the Collector Absorbers 

The glass cover transmittance, rcr' of solar radiation con

sidering only reflection was obtained from Figure A.3 of Appendix A. 

In order to obtain 1Cr the average angle of incidence, Qav' was 

calculated from Equation (A.2). The transmittance,~ , due to 

reflection and absorption was calculated from Equations (A.l9) and 

(A.20). The declination,average angle of incidence, transmittance 

due to reflection, transmittance due to absorption, 1Ca' and trans

mittance due to reflection and absorption for each experiment and 

date are shown in Table 5.6. 

In section 5.3 the average insolation rate on the cover 

glass was obtained and represented as It. Under steady-state condi
tions and neglecting heat storage in both the glass cover and the 

collector absorber, the rate of heat flow from the absorber must be 

equal to the rate of solar energy absorption by the absorber. 

The rate of heat flow from the absorber is equal to the 

sum of the collector useful heat gain and total heat losses, denoted 

by QTotal' That is, 

QTotal = Qb + Qe + Qt + Qu 

= QL + Qu · (5.3) 
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Table 5.6 Emittances, Transmittances, Declination, and Average 
Incident Angle Records 

* 

62 

Experiment Date ~Qlate €glass d 8av "Cr "'Ca 't: 

1 . 6:9:77 

2. 14:10:77 

3. 28:9:77 

4. 10:9:77 

5. 11 :9:77 

6. 13:9:77 

7. 12:10:77 

* £.plate 

£g1 ass 

d 

9 av 

'L.r 

'La 

"t: 

0.96 0.94 +5.79 58.89 0.86 0.987 

0.96 0.94 -9~22 51.84 0.90 0.987 

0.96 0.94 -3.02 45.27 0.91 0.987 

0.96 0.94 +4.22 38.53 0.92 0.987 

0.96 0.94 +3.82 38.93 0.92 0.987 

0.96 0.94 +3.02 51 .49 0.90 0.987 

0.96 0.94 -8.48 51.51 0.90 0.987 

= reference collector absorber plate emittance 

= glass cover emittance 

= declination, degrees 

= average incident angle of solar radiation 

0.849 

0.888 

0.898 

0.908 

0.908 

0.888 

0.888 

= glass cover transmittance considering only reflectton 

= glass cover transmittance considering only absorption 

= glass cover transmittance considering both reflection 
and absorption 



Table 5.7 

Experiment Date 

1 . 6:9:77 
2. 14:10:77 
3. 28:9:77 
4. 10:9:77 
5. 11:9:77 
6. 13:9:77 
7. 12:10:77 

* 6av = 

1: = 

~av = 

~ rel = 

1J = 

1\ rel = 

tLav = 

** qav 

Summary of Experimental Results 

Reference 
Collector Grain Collector 

* ** ** 8 '(' Q,av. T} E.av. ~av. ~rel 11 av. 

58.89 0.849 0.913 0.524 0.89 0.737 0.83 0.441 
51.84 0.888 0.928 0.601 0.85 0.837 0.91 0.566 
45.27 0.898 0.943 0.622 0.70 0.665 0.726 0.446 
38.53 0.908 0.970 0.638 0.73 0.823 0.859 0.570 
38.93 0.908 0.968 0.611 0.90 0.775 0.816 0.538 
51.49 0.888 0.930 0.597 0.66 0.897 0.967 0.650 
51 . 51 0.888 0.930 0.624 0.90 0.788 0.858 0.558 

average incident angle of solar radiation 

transmittance of the glass cover considering both reflection and absorption 

average directional solar absorptance 

relative directional solar absorptance 

collector efficiency 

relative efficiency 

average emittance of the grain material 

correct to within + 0.016 

1) rel 

0.843 
0.940 
0.718 
0.898 
0.880 
1.09 
0.894 

0"'1 
w 



The rate of solar energy absorption by the absorber is also obtained 

by the product of the effective transmittance - absorptance product. 

(1:~)e' and the average insolation rate. An expression for ('C~)e is 

obtained from Equation (4.33). Therefore, by energy balance, 

('t ~) e It = QTota 1 

or (5.4) 

An expression for the transmittance- absorptance product, (,; ~), 
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in Equation (5.4) could be obtained from Equation (A.21) of Appendix A. 

~ which was taken as the average directional solar absorptance, 

~av' is the only unknown in Equation (5.4). This equation was, 

therefore, so 1 ved for ~ (or n ) . -c.-av 
The average directional solar absorptances of the reference 

collector absorber - flat black paint on galvanized iron sheet -

and the grains as detennined from Equation (5.4) are shown in Table 

5.7. This presentation is repeated in Figure 5.1 for easy comparison. 

From the error analysis of the experimental results presented in 

Appendix C, the ~av valu~s given in Table 5.7 and Figure 5.1 are 

accurate to within + 0.016. 

5.6 Relative Solar Absorptance, Collector Efficiency, 
and Relative Efficiency 

The average directional solar absorptance as determined for 

both reference and gain collectors in section 5.5, though a good 

estimate, is not exact considering the assumptions made in the pro

cedure. A better basis of comparison would be relative solar absorp

tance since both collectors were subjected to the same environmental 

conditions. The relative solar absorptance, cerel' is defined as 



~rel = total solar energy absorbed by the 
grain material 

total solar energy absorbed by the 
reference flat black paint 

= QTotal for the grain collector 

Q for the reference collector Total 

Though the average directional solar absorptance or relative 

solar absorptance measures the ability of the grain material to absorb 

solar energy, an equally important criterion in determining the 

possibility of using the grain as an energy exchange medium in solar 

energy drying system is the collector efficiency. The collector 

efficiency, ~ , is defined as 

~ = Useful energy gain 

Total incident solar energy 

Under steady-state conditions 

T) = Useful heat gain 

Rate of insolation 

For the reference collector 
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and for the grain collector 

T) = QGua + QGuw 

It 

Similarly, the relative efficiency, ~ is defined as 
· l re 1 ' 

n rel = Useful energy gain by the grain 
 t collector 

Useful energy gain by the 
reference collector 

= Useful heat gain by the grain 
collector 

Useful heat gain by the 
reference collector 
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The relative efficiency, therefore, would indicate how efficiently the 

grain material could exchange the absorbed solar energy with the air 

as compared with the reference standard. Figures 5.2 and 5.3 indicate 

the relative solar absorptance and relative efficiency, respectively, 

for all the grains tested. 

5.7 Variation of Solar Absorptance of FLat-Black Paint 
with Solar Angle of Incidence 

Figure 5.4 shows the variation of solar absorptance of the 

flat-black paint with solar angle of incidence. The solid line was 

plotted from the experimental results obtained from Table 5.7. From 

this figure it is seen that the solar absorptance of the flat-black 

paint is almost linear with incident angle between 40 and 60°. The 
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directional solar absorptance of the paint could, therefore, be re

presented approximately by 

~ = 1.09- 0.0039 

for 38° ~ e ~ 60° 

From the experimental results of Zarem and Erway (lg63) 

tabulated in ASHRAE (1), the solar absorptance of flat-black paint 

is approximately constant for angles of incidence between 0 and 40°. 

The dotted portions of Figure 5.4 are obtained from consideration of 

Zarem and Erway data for incident angles 0 to 40° and 60 to go0
• 

From Figure 5.4 the solar absorptance of the flat-black paint for 

incident angles in the range 0 to 40°, 60 to 80° and 80 to 9o0 is 

given by the following approximate equations: 

~ = o.g7 for 0~9 ~ 40° 

q, = 1.5g - 0.01158 for 60°~ Q ~ 80° 

~ = 6.03- 0.0679 for 80°~ e ~go0 

Also, from the error analysis of the experimental results 

of Table 5.7 and Figure 5.4 the mean solar absorptance of the flat 

black paint from 0 to 60° angle of incidence is 0.940. The ~av 

values for the reference flat black paint in Table 5.7 and the mean 

value are correct to within + 0.016. 
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6. CONCLUSIONS 

The average directional solar absorptances of flat black 

paint on galvanized iron sheet, and of wheat grain, brown rice, white 

rice, brown beans, yellow corn, peanut in-shell, and cowpeas (black

eyed white beans) were determined experimentally using calorimetric 

technique. Hemispherical emittances of the grains were also deter

mined for different ranges of temperature. For the sake of com

parison, relative solar absorptances and relative efficiencies of 

the grains were obtained with the flat black paint as a standard of 

comparison. 

With reference to the experimental results presented in 

Chapter 5, the following conclusions were drawn: 

1. The reference flat black paint is considered a good 

absorber of solar energy. The solar absorptance of the paint varied 

from 0.97 to 0.913 for incident angle of radiation ranging from 

38.53 to 58.89°. The variation was also seen to be almost linear 

for incident angles in the range 40 to 60°. The experimental results 

for the flat black paint seemed to be in fairly good agreement with 

the results previously obtained by Zarem and Erway (1). Their in

vestigation showed a maximum solar absorptance of 0.96 for incident 

angles of 0 to 40°. From the experimental results of Zarem and 

Erway, the solar absorptance of the paint could be taken as a con

stant for incident angles from 0 to 40°. With the black paint as 

the absorber, the efficiency of the reference collector also varied 

from 0.638 to 0.524for incident angles 38.53 to 58.89°. 
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2. Of all the seven different grains tested, Peanuts in

shell had the greatest solar absorptance of 0.897 and white rice was 

the least with an absorptance of 0.665. Peanuts in-shell also had 

the highest relative solar absorptance of 0.967 with a corresponding 

value of 0.726 for white rice. 

3. The ability of the grain as a heat exchange medium 

was obtained in terms of the collector efficiency. Comparative 

values were also determined'as relative efficiencies with the flat 

black paint again as the reference standard. Peanuts in-shell had an 

efficiency of 0.650 and relative efficiency of 1.09. The correspond

ing values for white rice were 0.446 and 0.718, respectively. It 

was remarkable to note that Peanuts in-shell was a little more 

efficient then the flat black paint. The higher efficiency obtained 

for the Peanuts in-shell could be explained in part for its greater 

surface area for heat transfer. 
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4. With reference to the performance of each group of the 

grains of the same family, it seemed colour, surface roughness and poro

sity have an influence on the solar absorption characteristics of the 

grains. The remarkable performance of the peanut could be explained 

by the high porosity and surface roughness of the shell. For the same 

consideration, although cowpea is lighter in colour than brown beans, 

both grains showed high relative absorptance and relative efficiency 

of 0.858, 0.894, and 0.859, respectively. The difference in colour 

seemed to have very little influence for these two grains of the 

same family. On the other hand, white rice had relative absorptance 

and efficiency much lower than those of brown rice. In this case, 



colour and surface roughness were considered more important than 

porosity in determining solar absorption characteristics. 

The influence of moisture content on the absorption 

characteristics of the grains was not considered an important factor 

as most of the grains were almost at the same moisture level at 

the beginning of the tests. However, earlier investigation by 

Bilanski and Fisher (6) showed that the spectral absorptance of 

rapeseed increased with increasing moisture content. 

5. The radiation emission characteristics of the grains 

seemed to be mainly influenced by the nature of the grain surface 

and temperature, and to a lesser degree by colour. 

6. A relative absorptance or relative efficiency of 80% 

with respect to the reference flat black paint was thought a reason

able measure of good performance as a solar absorber. Six of the 

different types of grain tested showed a fairly good margin with 

only white rice falling below the 80% rating. As far as absorption 

of solar radiation and heat exchange with the drying air are con

cerned, the six different grains could be effectively used as 

absorbers in solar energy crop drying systems. The major hindrance 

might be consideration for handling ease and possible reduction in 

drying effectiveness of the air due to variations in the relative 

humidity of the outdoor air and moisture content of the grains. 

The basic mechanism of grain drying is one of heat and 

moisture transfer between the grain and the air. The drying effec

tiveness of the air depends on the air relative humidity and the 

corresponding equilibrium moisture content of the grain. The 
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relationship between the air relative humidity and the corresponding 

equilibrium moisture content of the grain is normally represented 

in the form of equilibrium moisture curves with air temperature as 

a parameter. Typical equilibrium moisture curves for some agri

cultural products are shown in Figure 6.1. When air is passed through 

a layer of grain, if the air relative humidity at a particular 

temperature is lower than that corresponding to the equilibrium 

moisture content of the grain, the grain will lose moisture·to the 

air. Conversely, if the relative humidity of the air is higher than 

that corresponding to the equilibrium moisture content of the grain, 

the air will lose moisture to the grain. 

When, therefore, the grain material to be dried is used 

as solar energy absorber, drying can occur only if the air relative 

humidity is lower than that corresponding to the equilibrium moisture 

content of the grain. Otherwise the grain would gain more moisture 

from the air. This problem of getting favorable air relative humi

dity in a drying system may be less severe with a flat-plate collector 

since the air relative humidity is lowered on passing through the 

absorber plate before reaching the grains. Grain absorber drying 

system also has the problem, that if the air flow is cut off (by 

accident or component failure) on a sunny day, damage to the grain 

due to overheating could occur. 

However, using the grains as solar energy absorbers means 

that the grain temperature is higher than the air temperature. Under 

these conditions the vapour pressure of water in the grain is higher 

than the vapour pressure of water in the air. Thus, moisture 
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will move out of the grain even though the relative humidity of the 

air is high. 

The main advantage of using grains as solar energy absorber 

in a grain drying system is the considerable savings in the cost of 

material. The material cost for a covered metal flat-plate solar 

energy collector is estimated at about $2.00/m2 more than for a 

covered grain collector. It might be necessary to repaint the ab

sorber plate from time to time and that would add more to the 

operating cost. Grain materials are good insulators, and that re

duces both conduction heat loss and insulation cost. 
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7. SUGGESTIONS FOR FURTHER WORK 

The solar absorptances and collector efficiencies were deter

mined in this investigation for a limited range of solar angle of in

cidence. The variation of solar absorptance with angle of incidence 

is sufficiently well known for flat-black paint. In order to draw a 

more accurate comparison between the solar absorptances or collector 

efficiencies of the reference flat-black paint and those of the 

agricultural products, it is suggested that further work be done to 

cover solar angle of incidence from 0 to 90° for each product. 

For actual practical application, the author suggests that 

further work sbould be done to determine the optimum thickness of 

grain layer when spread to absorb solar radiation directly in a solar 

energy crop drying system. This might depend on the intensity of solar 

radiation, nature and rate of heat transfer from top to bottom grain 

layers, air circulation in between the grains, and atmospheric relative 

humidity. It might be advantageous to pass the drying air from bottom 

to the top layer instead of over the top surface layer as was done in 

this study. Batch or continuous drying systems could be employed in 

actual practical applications. 
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APPENDIX A 

SOME IMPORTANT RELATED TOPICS 



A.l Solar Angles 

The position of a point on the earth's surface with respect 

to the sun•s rays is known at any instant if the latitute t and hour 

angle w for the point, and the sun•s declination d are known. 

The latitute ~ is the angular distance of the point north 

(or south) of the equator. The hour angle, w, expresses the time of 

the day with respect to the solar noon. At solar noon the hour angle 

is zero. One hour of time is represented by 360/24 or 15 degrees of 
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hour angle. The hour angle therefore, varies between~ 180° from solar noon 

with mornings positive and afternoons negative for 12 hours day length. 

The sun's declination d is the angular distance of the sun's 

rays north (or south) of the equator. It is the angle between a line 

extending from the centre of the sun to the centre of the earth and 

the projection of this line upon the earth's equatorial plane. 

For any one day, the declination may be assumed constant. 

The declination for any day of the year can be obtained from the approxi

mate equation of Cooper (1969). 

where 

d = 23.45 Sin [360 (284 + n)] 
365 

n = day of the year. 

(A.l) 

Besides the three basic angles, latitude, hour angle, and 

sun's declination, several other angles are useful in solar radiation 

calculations. Such angles include the zenith angle ~(the angle 

between the sun•s rays and a line perpendicular to a point on the 

horizontal plane), the altitude angle~ (the angle in a vertical 

plane between the sun's rays and the projection of the sun•s rays 

on the horizontal plane, ce = 90°- ~2), the surface azimuth 
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angle Y (being the angular deviation of the normal to a surface 

from the local meridian~ the zero point being due south, east posi

tive and west negative,Y is equal to the angle in the horizontal 

plane measured from north to the horizontal projection of the sun's 

rays), the slope angleS (the angle between the horizontal and a 

tilted surface), and the angle of incidence 9 (angle between the sun's 

rays and the normal to a surface). The relation between e and other 

angles is given bi (10) 

case = s{ndsin~CosS - sindCos~SinS,osY 

+ CosdCos~CosSCosw 

+ CosdSintSinSCosYCosw 

+ CosdSinSSinYC_osW (A.2) 

In many applications, Equation(A.2)may be simplified. For 

a fixed flat plate collectors facing the equator, the' last term is 

eliminated since~ = 0. For vertical surfaces where S = 90°, the 

first and third tenns drop out. For horizontal surfaces where S = 0°, 

only the first and third terms remain, and the angle of incidence is 

COS9 = COS8z = Sindsint + CosdCos$Cosw (A.3} 

For surfaces with slope S to the north or south very useful 

relationships for the angle of incidence can be derived from the 

fact that the surfaces have the same relationship to beam radiation

as a horizontal surface at an artificial latitude----of {~-S). The angle

of incidence is given by 

CoseT = Cos(t-s) CosdCosw + Sin(t-s)Sind (A.4) 

The slope, S, is positive when it is toward the south. 

Equation (A.3) can be solved for the sunrise hour angle, 



w , when 8 = 90°: s 
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Cosws = - tan~tand (A.5) 

The day length is also given by 
-1 m T = f_Cos (-tan,tand) 

d 15 

where Td = length of the day from sunrise to sunset, hrs. 

A.2 Direct and Diffuse Solar Radiation and the Intensity of 
Solar Radiation on a Surface 

(A.6) 

Under both clear and cloudy sky conditions the atmosphere 

scatters and absorbs some portions of solar radiation. Not all of 

the scattered radiation is lost since part of it eventually arrives 

at the surface of the earth in the form of sky or diffuse radiation. 

The diffuse radiation HD' is the short wavelength solar radiation 

received from the sun after its direction has been changed by 

reflectiqn and scattering by the atmosphere. Beam or direct radia

tion, H8, is that solar radiation received from the sun without a 

change of direction. In periods of heavy clouds, all of the radia

tion reaching the ground will be diffuse. Adequate atmospheric 

data are not available on which to base a computation of intensity, 

spectral distribution, or directional distribution of diffuse 

radiation at ground level. 

In design of solar energy systems, it is frequently required 

to convert data for hourly or daily radiation on a horizontal sur

face to radiati~n on a tilted surface. This can be done exactly for 

the beam component of the total radiation. A good estimate could 

be made for the diffuse component. 



Let H
8 

be the intensity of beam solar radiation incident on 

a horizontal surface or a tilted surface. The normal to the hori-

zontal surface or the tilted surface makes an angle of e~ or 8T~ 

respectively>with the incident solar radiation. Let Hand HT be 

the intensity of normal component of incident beam solar radiation on 

the horizontal and tilted surface, respectively. From Figure A.l, 

i t fo 11 ows that 

H = H8 Cos 9z 

HT = H8 Cos 8T 

The ratio of beam radiation on the tilted surface, HT, to that on 

the hori zonta 1 surface, H, is given in terms of the angles 8 z and 

H 

= H8 Cos 6T 
H8 Cos 9z 

= CoseT 
Cos8z 

Figure A.l BEAM RADIATION ON HORIZONTAL AND TILTED SURFACES 

(A.7) 

(A.8) 

(A. 9) 

For tilted surfaces facing the equator and having inclination 

S lowards north or south, the relationship is: 
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RB = CoseT 

Cos9z 

= Cos(~ - S) CosdCosw + Sin(~-S)Sind 
Cos,CosdCosw + Sin~Sind 

(A. 10) 

Graphical solutions of the above equation by Hottel and Woertz 

(1942) for surfaces tilted toward the equator are shown in Figure 

A.2 which are plots of CoseT as a function of declination and hour 

angle, for values of (~ - S) from 0° to 50°. Values of CoS8z 

are obtafned from these plots where (~ - S) equals the latitude of 

the place in question. Values of CoseT are obtained from the plot 

with the appropriate (~- S). Values of CoseT for negative values of 

(~ - S) are obtaiDed from the charts for the positive values, but with 

the sign of declination reversed. The ratio R8 then follows. 

Most of the solar radiation data available are reported as 

total hourly or daily solar radiation on a horizontal surface. In 

order to use horizontal total radiation data for prediction of 

total radiation on tilted surfaces, it is necessary to determine a 

relationship between diffuse and direct radiation or between diffuse 

and total radiation. The angular correction is straight forward 

for the beam component. The correction factor, R, for the diffuse 

component depends on the distribution of diffuse radiation over the 

sky, which generally is not known. Two limiting cases have been 

assumed as a basis for angular correction of the diffuse radiation. 

Firstly, on clear days it can be assumed that the scattering 

of solar radiation is mostly forward scattering. In this case the 

angular correction factor to be applied to the diffuse component is 

essentially the same as that for the direct component. The horizontal 

radiation is then treated as though it is all beam radiation and 



Figure A.2 

.. 
Q) 

(I) 
0 

1.0 

0.8 

0.6 

0 0.4 

0. 2 

nT lrl!_ 
~ 

~ ~ 

~ l----~ 

~ 
~ ~ 
~ 

t: 
t: 
~ 1---- to----

~ 

f-

oiT-1 I I I I I I I I 

·20 -10 

t0.5 HA 
I 

ti..5HR 

I 
~HR 

I 

I 
d.5HR 

* 4.5HR 

+-s • o• 

I 

I I I I I I I I I I I I 

0 10 

DECUNATION, DEGREES 

~ 
(I) 
0 

1.0 

0.8 

0.6 

0 
0.4 

0. 2 

IT 

~ 

~ 
7 

~ 

1-

~ 

~ 

I I 1 I I' ITT T~ ~ 
NOON.--= ~ 

~ ~ 
.,.. tt~HR 

~ f.---I:---
~2~HR 

I 

~ ~ 
1--

I 
i 

l 
~ 
~ ~ 

+ -s•ao• 

'' r~r[ 
---===-.....,; 

-r---r---. 
---- --..,; 

. -

-
-
-

I I I I ; 

20 

--==:: 

0 1-, I t I I I I I I I Ill I I I I I I I I I • • r r 1 I I I r I I I 

-20 -10 0 .• 10 20 

DECLINATION, DEGREES 

-20 -10 

OECUNATION , DEGREES 

COSINE OF ANGLE OF INCIDENCE OF BEAM RADIATION ON.SURF~CES 
TILTED TOWARD THE EQUATOR FOR VARIOUS VALUES OF (T- S). 
[ADAPTED FROM DUFFIE (10)] 

88 



89 

0 10 

DECLINATION • DEGREES 

DECLINATION • DEGREES 

DECLINATION, DEGREES 

Figure A.2 (CONTINUED) 



Secondly, for a uniform cloud cover or when conditions are 

very hazy, it can be assumed that the sky is a uniform radiator of 

diffuse radiation. The diffuse radiation on a tilted surface depends 

on·ly on how much of the sky the surface sees. 

The second approach was followed by Liu and Jordan (23) by 

considering the radiation on the tilted surface to be made up of 

beam, diffuse and reflected solar radiation. The total solar radia

tion on a tilted surface with slope S at any time is then given by 
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(A. 1 1) 

where P = diffuse reflectance of the surrounding; and H8, H0 = 
beam and diffuse components of solar radiation on a 
horizontal surface, respectively. 

The correction factor R is, therefore, 

+ H0 1 + Cess + (1 - Coss)p 
~ 2 2 

(A.12) 

where H = H8 + H0 = horizontal total intensity of solar radiation 

Liu and Jordan suggested values of ground reflectance of 0.2 when 

there is no snow and 0.7 when there is snow cover. 

Liu and Jordan have also developed the following relationship 

between the intensities of diffuse and direct radiation on clear 

sky days: 

~d = 0.2710 - 0.29391Q 

where --c 0 = ION 

ION 

= transmission coefficient for 
direct solar radiation, 
dimensionless 

(A. 13) 



transmission coefficient for diffuse radiation 
on a horizontal surface, dimensionless 

r0H = intensity of direct radiation incident upon a 
horizontal surface, wm2 

1oN = intensity of direct radiation at normal incidence, 

IdH = intensity of diffuse radiation on a horizontal 
surface, 

r0H = intensity of solar radiation incident upon a 
horizontal surface outside the atmosphere of earth, 

= intensity of solar radiation at normal incidence 
outside the atmosphere of earth = risc~wm2 
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From Equation (A. 13) the following relationship between the intensities 

of diffuse radiation and total radiation was also derived: 

'Ld = 0. 3840 - 0. 4160 'ti- (A. 14) 

where -c:r = ITH 
1oH 

= transmission coefficient for total radiation 
on a horizontal surface, dimensionless 

= intensity of total (direct plus diffuse) radiation 
incident upon a horizontal surface 

A.3 Transmission - Absorption Characteristics of Collector 
Cover Materials 

A.3.1 Transmission Considering Only Relfection 

The incident radiation on a transparent surface is 

absorbed, reflected or transmitted and the sum of absorptance, ct , 
reflectance, P, and transmittance, ~ , must be unity i.e. 

~+P+1: = 1 (A.l5) 

The above relationship is true for surfaces or layers of a trans-
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Figure A.3 TRANSMISSION THROUGH ONE COVER GLASS 



parent material of finite thickness. Transmittance, like absorpt

ance and reflectance, is a function of wavelength, angle of in

cidence of the incoming radiation, and the optical properties, such 

as the refractive index and the extinction coefficient, of the 

material. 

Cover materials, such as glass and plastic films, used in 

solar energy applications require the transmission of radiation 

through a slab or film of material, and there are thus two inter

faces per cover to cause reflection loss. In this situation, the 

depletion of the beam at the second surface is the same as that of 

the first, assuming the cover interfaces are with air on both 

sides. 

Neglecting radiation absorption in the slab shown in Figure 

A.3, (1-P) of the incident beam reaches the second interface. Of 

this, (l-P) 2 passes through the second interface and P(l-P) is re

flected back to the first interface, and so on. Summing up the 

resulting terms, the transmittance for a single cover neglecting 

absorption is 

93 

-cr' 1 = (~2 = 

(1-P ) 
1-P 
l+P 

(A. 16) 

n = o 

For a system of n covers, all of the same material, a similar 

analysis yields 

'1: r, n = _\ 1_-__.P ) __ _ (A. 17) 

1 + (2n-l)P 
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Figure A.4 shows the solar transmittance (due to reflection) 

of glass, with an average refractive index of 1.526 in the solar 

spectrum for all angles of incidence. This figure is a recalculation 

of the results presented by Hottel and Woertz (1942). 

A.3.2 Transmission Considering Absorption and Reflection 

The absorption of radiation in a partially trans

parent medium is described by Bouger's Law, which is based on the 

assumption that the absorbed radiation is proportional to the local 

intensity in the medium and the distance the radiation travels in 

the medium, X: 
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di = IK dx (A.l8) 

where K 

I 

= extinction coefficient (assumed constant in the 
solar spectrum) ; and 

= radiation intensity. 

Integrating Equation (A. 18) between limits of 0 and L, where L is 

the thickness of the cover, the transmittance~ due to absorption 

alone is obtained as, 

= -KL e 
(A. 19) 

For glass, the value of K varies from about 0.04/cm for "water whiteu 

glass to about 0.32/cm for poor (greenish cast edge) glass. 

To obtain the transmittance allowing for both reflection and 

absorption, it is only necessary to multiply the two transmittances 

together. Hence, 

(A.20) 
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Figure A.S TRANSMITTANCE (CONSIDERING ABSORPTION AND REFLECTION) rF 
1, 2, 3, AND 4 COVERS FOR THREE TYPES OF GLASS. [ADAPTED 
FROM DUFFIE {10)] 
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where ~ = transmittance considering absorption and reflection. 

This is a satisfactory relationship provided the product of KL is 

small (i.e. 'l:a is not too far from unity). This condition is always 

met in solar collectors at angles of practical interest. 

Figure A.S gives the curves of transmittance as a function 

of angle of incidence for systems of one to four covers, for three 

different kinds of glass. These curves were calculated from 

Equation (A.20). 

A.3.3 Wavelength Dependence of Transmittance for 
Cover Materials 
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For most transpatent materials the transmittance is 

a function of wavelength of the incident radiation; that is they 

transmit radiation selectively. Glass, the material most commonly 

used as a cover material in solar collectors, may absorb little of 

the solar energy spectrum if its Fe2o3 content is low; if the Ferric 

oxide content is high, it will absorb in the infrared portion of the 

solar spectrum. The transmittance of several glasses of varying iron 

content is shown in Figure A.6 These curves show clearly that "water 

white .. , low-iron glass has the best transmittance; glasses with high 

Fe2o3 have a greenish appearance and are relatively poor transmitters. 

It is to be noted from the curves that transmission is not a strong 

function of wavelength in the solar spectrum except for the "heat 

absorbing'' glass. The curves also show that glass becomes sub

stantially opaque at wavelengths longer than about 3 lJm. Con

sequently, glass can be considered as opaque to long-wave radiation. 



7.9 8.7 

.5 .6 .7 1.1 1.9 2..7 3.5 4.3 5.1 

WAVELENGTH, J.Lm 

Figure A.6 SPECTRAL TRANSMITTANCE OF GLASS, UPPER LEFT, GLASS CON
TAINING 0.02 Fe

2
o3. LOWER LEFT, 0.10 Fe2o3. UPPER RIGHT, 

0.15 Fe
2
o
3

. LOWER RIGHT, 0.50 Fe2o3. [ADAPTED FROM 

DIETZ (1954)]. 

98 



Plastic films are also used as cover materials for solar 

collectors. They are relatively cheaper than glass, although glass 

may be more durable. In construction work plastic films are much 

easier to handle. In general, plastic films have transmittances 

which are more wavelength dependent than glass. 

A.4 Transmittance - Absorptance Product of a Flat-Plate 
Collector 

Of the total radiation passing through the cover system of 

a flat-plate collector and striking the plate, some is reflected 

back to the cover system. However, all this radiation reflected 

back is not lost since some is again reflected back to the absorber 

plate. This situation is illustrated in Figure A.7 where'"Cis the 

transmittance of the cover system considering absorption and re

flection by the cover at the desired angle of incidence, e, and ~ 

is the directional absorptance of the absorber plate. Of the in

cident energy, 1: Q& is absorbed by the absorber p 1 ate and ( 1 - C&)1:' 

is reflected back to the cover system. The reflection from the 

absorber plate is assumed to be diffuse so that the fraction 

(1 - ~)~ that strikes the cover plate is diffuse radiation and 

"t(l-ct) P dis reflected back to the absorber plate .. The quantity P d 

refers to the reflection of the cover plate for incident-diffuse 

radiation that may be partially polarized due to reflections as it 

passes through the cover system. The multiple reflection of diffuse 

radiation continues so that the energy ultimately absorbed is 
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(T C&) = [(1 - q )Pd]n = '1: Q! 

1 - (1 - ct )Pd 

n = o 

The diffuse reflectance, Pd' can be estimated by using the 

specular reflection of the cover system at an incidence angle of 

60°. From Figure A.4 for one, two, three, and four glass cover 

systems, Pd is approximately 0.16, 0.24, 0.29, and 0.32, res

pectively. 

A.5 Heat Transfer in Flat-Plate Collectors 

In flat-plate solar collectors, heat transfer is by radia-

tion, convection, or conduction, or a combination of these. The 

majority of heat transfer problems in solar energy applications in

volves radiation between two surfaces. For two rectangular diffuse 

surfaces which are of equal area, infinitely parallel, and closely 

spaced, the shape or angle factor is unity and the radiation heat 

transfer rate is given by 
4 
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(A. 21) 

Q/ A = <:1' ( T 2 - T 14) (A.23) 

1 + 1 - 1 
£1 £2 

where 6 = Stefan-Bel tzman constant; 

absolute temperature of surface 1 and surface 2, 
respectively; 

~1 ,~2 =· emittance of surface 1 and surface 2, respectively; 

Q = radiation heat transfer rate; and 

A = area of each surface · 

For a small convex object (surface 1) surrounded by a large enclosure 



(surface 2, such as the sky), the area ratio A1/A2 approaches zero, 

the shape factor is also unity, and the radiation heat transfer rate 

is 

o, = 4 4 £1 A1 C) ( T 2 - T l . ) 
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= 4 4 
~ 1 A1 ~ (Tsky - r1 ) (A.24) 

In order to retain the simplicity of linear equations it 

is convenient to define a radiation heat transfer coefficient, hr. 

If a heat transfer coefficient is defined so that the radiation be-

tween tw~ surfaces is given by 

(A.25) 

then from Equation (A.23) it is clear that 
2 2 hr = (T2 + r1 ) (T2 + r1) (A.26) 

1 + 1 - 1 
£, £2 

If the shape factor is not equal to unity then 

hr = 2 
~ (T2 + r1) cr2 + r1) 

1 - e:, + 1 + (1- fz) (A.27) 

z., Fl2 £z 
where F12 = shape factor between surface 1 and surface 2 

The shape factor for two rectangular surfaces which are equal, 

parallel,and directly opposite is shown in Figure A.8. 

In the design of solar collectors where a fluid may be used 

as a means of energy or heat transport, it is necessary to know 

the convection heat transfer coefficient between two flat plates for 

laminar and turbulent flow. Turbulent flow is more important in 

engineering applications because it is involved in vast majority of 
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fluid flow and heat transfer problems encountered in practice. 

For predicting the convection heat transfer coefficient for 

turbulent flow in smooth circular tubes the following empirical 

relations are widely used: 
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1. The Dittus-Boelter (1930) equation: 

hD = Nu = 0.023 Re0·8Prn (A.28) 
K 

where n = 0.4 for heating 

= 0.3 for cooling; 

Nu = Nusselt number, dimensionless; 

Re = Reynolds number, dimensionless; 

Pr = Prandtl number, dimensionless; 

h = convection heat transfer coefficient; 

0 = tube diameter, and 

K = thermal conductivity of fluid. 

Equation (A.28) is applicable for fully developed turbulent flow for 

small temperature differences and for 0.7~Pr ~100, Re 710,000, 

L/0,60, where Lis the tube length. Fluid properties are evaluated 

at the average fluid temperature. 

2. Nusselt (1931) equation: 
0.8 l/3(Q)0.055 

Nu = 0.036 Re Pr L (A.29) 

for 10 L.. L L.. 400. 
0 

The above equation takes into account the entrance effects when both 

velocity and temperature profiles are considered not fully developed. 

The fluid properties are evaluated at the mean fluid temperature. 



For moderate temperature differences, Equations (A.28) and 

(A.29) can be used to predict heat transfer for turbulent flow in 

non circular smooth ducts like rectangular ducts, provided that the 

tube diameter D is replaced by the equivalent diameter De. The 

equivalent diameter concept is, in general, satisfactory for predic

tion of fluid friction and heat transfer coefficient for turbulent 

flow in non circular ducts for many practical situations. 

For air, the following correlation for fully developed 

turbulent flow between flat plates with one side heated can be der

ived from Kay•s data: 
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Nu = 0.0158 Re 0·8 (A.30) 

Whenever the ratio of flow length fo hydraulic diameter is on 

the order of ten or less, consideration should be given to the 

development of the boundary layers which results in an increase in 

the Nusselt number. 

The heat loss from flat plates exposed to outside winds are 

found from a dimensional expression given by McAdams (1954) which 

relates the heat transfer coefficient in W/m2 °C to the wind speed 

in m/S. 

where 

hwind = 5.7 + 3.8V (A. 31) 

= heat transfer coefficient due to wind blowing over 
a flat plate; and 

V = wind speed. 



APPENDIX B 

INSTANTANEOUS TEMPERATURES AND SOLAR 
RADIATION RECORDS 
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Table B-1 Instantaneous Temperature Record 

ExQeriment 1 

Time TRi TR2 TR3 TR4 TR5 TR6 T** Gl TG2 TG3 TG4 TG5 TG6 

15:00. 19·. 0 30.0 42.0 42.0 2 7.0 27.0 19.026.0 38.0 3 7.0 25.0 25.0 
19.0 30.0 44.0 44.0 28.0 28.0 19.0 26.0 38.0 37.0 25.0 25.0 
19.0 31.0 44.0 44.0 28'.0 28.0 19.027.0 38.0 38.0 25.0 25.0 
19.0 31.0 45.0 45.0 28.0 28.0 19.027.0 39.0 38.0 25.0 25.0 
1 9. 0 32.0 45.0 45.0 29.0 29.0 19.027.0 39.0 39-0 26.0 26.0 
19.0 30.0 42.0 42.0 29.0 29.0 19.027.0 38·0 39.0 26.0 26.0 
1 9. 0 30.0 42.0 42.0 2 7.0 2 7.0 19.026.0 38.0 38.0 26.0 26.0 
1 9.0 30.0 43.0 43.0 2 7.0 27.0 19.027.0 38.0 38.0 25.0 25.0 
1 g. 0 31· 0 44.0 44.0 2 7.0 27.0 19.027.0 39.0 38.0 26.0 26.0 
20.0 27.0 44.0 44.0 28.0 28.0 20.0 27.0 39.0 39.0 27.0 27.0 
20.0 25.0 44.0 44.0 28.0 28.0 20.0 27.0 39.0 39.5 2 7.0 27.0 
20.0 27.0 44.0 44.0 28.0 28.0 20.0 27.0 39.0 39.5 27.0 27.0 
20.0 29.0 44.0 44.0 28.0 28.0 20.0 27.0 39.0 39.0 27.0 27.0 
20.0 30.0 43.0 ~.0 28.0 28.0 20.0 27.0 39.0 39.0 27.0 27.0 
2o.o 31.0 42.0 42.0 2 7 .. 5 27.5 20.0 26.0 40.0 41 .0 26.0 26.0 
20.0 31.0 41.0 41.0 27.5 27.5 20.0 26.0 40.0 41 .0 26.0 26.0 
20.0 31.0 40.0 40.0 2 7. 0 27.0 20.0 26.0 40.0 41.0 26.0 26.0 
20-0 30.0 41.0 41.0 2 7. 0 2 7.0 20.0 26.0 40.0 41 .0 26.0 26.0 

16:00 20.0 30.0 41.0 41.0 27.0 27.0 20.0 26.0 40.0 41 .0 26.0 26.0 
20.0 31.0 40.0 40.0 27.0 27.0 20.0 26.0 40.0 41 .0 26.0 26.0 
20.0 31-0 38.0 38.0 26.0 26.0 20.0 2 5. 0 40.0 41 .0 26.0 26.0 
20.0 32.0 39.0 39.0 26.0 26.0 20.0 25.0 40.0 41 . 0 26.0 26.0 
20.0 32.0 38.0 38.0 26.0 26.0 26.0 26.0 3'9 .0 41 .0 25.0 25.0 
20.0 30.0 3 7. 0 3 7. 0 2 7. 0 2 7.0 20.0 26.0 39.0 41 .0 2 5. 0 25.0 
20.0 30.0 37.0 3 7.0 26.0 26.0 20.0 26.0 39.0 41 .0 25.0 25.0 
2o.n 31· 0 37.0 3 7.0 26.0 26.0 2 o. 0 2 6. 0 38.0 41 .0 25.0 25.0 

16:30 20.0 31.0 3 7.0 37.0 26.0 26.0 20.0 26.0 38.0 41.0 25.0 25.0 

* All temperatures measured in °c. 
** T Rl = TGl = T a (ambient temperature) 
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Ex~eriment 2 

Time T R1 T R2 T R3 T R4 T R5 T R6 T Gl TG2 TG3 TG4 TG5 TG6 

11 : 2 5 11 . 0 19. 7 29.0 29.0 1 7. 0 17.0 11.017.0 26.0 25.0 16.0 16.0 
1 1 . 0 1 9. 7 29.0 29.0 1 7. 0 1 7. 0 11.017.0 26.0 25.0 16.0 16.0 
11 . 0 1 9. 7 29.0 29.0 17.0 1 7. 0 11.017.0 26.0 22.0 16.0 16.0 
11 . 0 1 9. 7 30.0 30.0 18.0 18.0 11.018.0 26.0 22.0 17.0 1 7.0 
11 . 0 20.7 30.0 30.0 18 .0 18 .0 11.018:0 26.0 22.0 17.0 17.0 
11 . 0 20.7 31 .0 31 .0 18 .0 18.0 11.018.0 27.0 26.0 17.0 1 7. 0 
11 . 0 20.7 31 . 0 31 .0 18.0 18.0 11.018.0 27.0 26.0 1 7. 0 17 .0 
1 1 . 0 20.7 31 . 0 31 .0 18.0 18 .0 11.018.0 27.0 26.0 17.0 17.0 
11.0 '20.7 31 .0 31 .0 19.0 19 .0 11.019.0 27.0 26.0 18.0 18.0 
11 . 0 20.7 31 .0 31 .0 1 9. 0 1 9. 0 11.019.0 28.0 27.0 18.0 18.0 
12.0 21 . 7 32.0 32.0 19 .0 1 9. 0 12.019.0 28.0 2 7.0 18.0 18.0 
12.0 21 . 7 32.0 32.0 19 .0 19 .0 12.019.0 28.0 27.0 18.0 18.0 
1 2. 0 21 . 7 32.0 32.0 19.0 19 .0 12.019.0 28.0 27.0 18.0 18.0 
12.0 21 . 7 32.0 32.0 19 .0 19 .0 12.019.0 29.0. 28.0 18.0 18.0 
12.0 21 . 7 32.0 32.0 20.0 20.0 12.020.0 29.0 28.0 18.0 18.0 
12.0 22.7 32.0 32.0 20.0 20.0 12.020.0 29.0 28.0 1 9.0 19.0 
12.0 22.7 33.0 33.0 20.0 20.0 12.020.0 29.0 28.0 19.0 19.0 
12.0 22.7 33.0 33.0 20.0 20.0 12.0 20.0 30.0 29.0 19.0 19 .0 

12:25 1 3. 0 22.7 33.0 33.0 20.0 20.0 13.021.0 30.0 29.0 19.0 19.0 
13.0 22.7 33.0 33.0 20.0 20.0 13.021.0 30.0 29.0 19.0 19.0 
1 3. 0 22.7 33.0 33.0 20.0 20.0 13.021.0 30.0 29.0 19.0 1 9.0 
1 3. 0 22.7 33.0 33.0 20.0 20.0 13.0 21.0 30.0 29.0 1 9.0 1 9.0 
13.0 22.7 33.0 33.0 20.0 20.0 13.021.0 30.0 29.0 1 9. 0 19.0 
1 3. 0 22.7 33.0 33.0 20.0 20.0 13.021.0 31 . 0 30.0 19.0 1 9 .0 
1 3. 0 23.7 33.0 33.0 20.0 20.0 13.0 21.0 31 .0 30.0 19 .0 19.0 
1 3. 0 23.7 33.0 33.0 20.0 20.0 13.021.0 31 .0 30.0 19.0 19.0 
1 3. 0 23.7 34.0 34·0 20.5 20.5 13.022.0 31 . 0 30.0 1 9.0 19.0 
13.0 23.7 34.0 "34 .0 20.5 20.5 13.022.0 31 . 0 30.0 1 9. 0 1 9 .0 
13.0 23.7 34.0 34·0 20.5 20.5 13.022.0 31 . 0 30.0 1 9 .0 19 .0 
13.0 23.7 34.0 34·0 20.5 20.5 13.022.0 31 .0 30.0 1 9 .0 19.0 
1 3. 0 23.7 34.0 34·0 20.5 20.5 13.022.0 32.0 31 .0 1 9. 0 19.0 
13-0 23.7 34.0 34.0 20.5 20.5 13.022.0 32.0 31 .0 1 9. 0 19.0 
1 3. 0 23.7 34.0 34.0 20.5 20.5 13.022.0 32.0 31 . 0 1 9. 0 19 .0 
1 3. 0 23.7 34.0 34.0 20.5 20.5 13.022.0 32.0 31 .0 19.0 19.0 
1 3. 0 23.7 34.0 34.0 20.5 20.5 13.022.0 32.0 31 .0 19 .0 1 9 .0 
14-0 23.7 34.0 34.0 20.5 20.5 14.022.0 32.0 31 .0 1 9. 0 19 .0 

13:25 14.0 24.7 34.0 34.0 20.5 20.5 14.022.0 32.0 31.0 1 9. 0 19.0 
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Ex2eriment 3 

Time T R1 T R2 T R3 T R4 T R5 T R6 T G1 TG2 TG3 ~G4 TG5 TG6 

10:43 1 0 . 0 17.4 28.0 28.0 1 7 .0 1 7 . 0 10.013.6 21.0 19.0 15;.0 1 5. 0 
1 0. 0 17.4 28.0 28.0 1 7 . 0 17 0 0 10.013.6 21.0 19.0 15.0 1 5. 0 
1 0 . 0 17.4 28.0 28.0 17.0 1 7 . 0 10.014.6 22.0 19.0 16.0 16·0 
1 0 .0 18.4 30.0 30.0 17 .0 1 7 .0 10.014.6 23.0 20.0 16.0 16·0 
1 0 . 0 18.4 30.0 30.0 1 7 . 0 17 .0 10.014.6 23.0 20 oO 16 .0 16 0 0 
1 0 . 0 18.4 30.0 30.0 17 .0 17 .0 10.014.6 23.0 21 . 0 16.0 1 6. 0 
1 0 . 0 18.4 30.0 30 .0 18 .0 18.0 10.015.6 23.0 21 .0 17.0 17.0 
1 0 . 0 19o4 31 . 0 31 .0 18 .0 18.0 ro. o 1 5. 6 24.0 22.0 17.0 1 7 .0 
10 .0 19.4 32.0 32.0 1 9 . 0 19 .0 10.015.6 24.0 22.0 17 .0 1 7 0 0 
10 . 0 19.4 32 .0 32 .0 19 . 0 19 .0 10.015.6 25.0 23.0 17 oO 1 7 ° 0 
11 . 0 19.4 32 .0 32.0 1 9 .0 19 . 0 11.015.6 25.0 23.0 1 7. 0 1 7. 0 
11 . 0 20.4 32 .0 32 .0 19 .0 1 9 . 0 11.015.6 25.0 24.0 1 7. 0 17 oO 
11 . 0 20.4 33 .0 33 oO 19 oO 1 9 . 0 11.016.6 26.0 24.0 18 .0 18 oO 
11 . 0 20.4 33 oO 33 oO 20.0 20o0 11·016.6 26.0 25.0 18 .0 18 .0 
11 0 0 20.4 34 .0 34 .0 20 .0 20.0 11·016.6 27.0 25.0 18 .0 18.0 
11 . 0 21 • 4 34 oO 34 .0 20 oO 20.0 11.017.6 27.0 26.0 19 oO 19 .0 
11 . 0 21.4 34 .0 34 .0 20 oO 2o.o 11.017.6 28.0 26.0 19 oO 19 .0 

11 : 43 11 0 0 21 . 4 35 .0 3 5 .0 21 . 0 21 .0 11.017.6 28.0 27.0 19 .0 1 9. 0 
11 . 0 22.4 35 .0 35 .0 21 .0 21 .0 11.017.6 28.0 27.0 19 .0 1 9 .0 
11 . 0 22.4 35 .0 35 .0 21 .0 21 . 0 11.017.6 29o0 28.0 19 .0 19 .0 
11 . 0 22.4 35 .0 35 .0 21 .0 21 . 0 110017.6 29.0 28.0 1 9. 0 1 9 oO 
11 . 0 22.4 35 .0 35 .0 21 .0 21 . 0 11.017.6 29.0 28.0 1 9. 0 19 .0 
13 0 0 23.4 36 .0 36 .0 22 .0 22 .0 13.018.6 30.0 29.0 20.0 2000 
13.0 23.4 36 .0 36 .0 22 .0 22 .0 13.018.6 30.0 29.0 20.0 20.0 
13.0 23.4 38 .0 38 .0 22 .0 22 .0 13.018.6 30.0 30.0 20.0 20.0 
13.0 23.4 38 .0 38 .0 23 .0 23 .0 13.018.6 31 .0 30.0 21 .0 21 .0 
13.0 24.4 38 .0 23 .0 23 .0 1 3 . 0 13.019.6 31 .0 30.0 21 .0 21 . 0 
13.0 24.4 38 .0 38 .0 23 .0 23 .0 13.019.6 31 .0 31 . 0 21 . 0 21 .0 
14.0 24.4 38 .0 38 .0 23 .0 23 .0 14.019.6 32.0 32.0 21 . 0 21 . 0 
14.0 24.4 38 .0 38 .0 23 .0 23 .0 14.019.6 32.0 32.0 21 . 0 21 . 0 
14.0 24.4 38 .0 38 .0 23 .0 23 .0 14.019.6 32.0 32.0 21 .0 21 . 0 
14.0 24.4 38 .0 38 .0 23 .0 23 .0 14.019.6 32.0 32.0 21 .0 21 . 0 
14.0 24.4 39 .0 39 .0 23 .0 23 .0 14.019.6 32.0 32.0 21 .0 21 .0 
14 .0 24.4 39 .0 39 .0 23 .0 23 .0 14.019.6 33.0 33.0 21 .0 21 . 0 
14 .0 24.4 39 oO 39 .0 24 oO 24 .0 14.019.6 33.0 33.0 21 .0 21 .0 

12:43 14 . 0. 24. 4 39 .0 39 oO 24 .0 24 .0 14.019.6 33.0 33.0 21 .0 21 . 0 
14 oO 24.4 39 .0 39 .0 24 .0 24 .0 14.019.6 34.0 34.0 21 .0 21 . 0 
14 .0 24.4 39 .0 39 .0 24 .0 24 .0 14.019.6 34.0 34.0 22.0 2200 
14 .0 25.4 39 .0 39 .0 24 .0 24 .0 14.020.6 34.0 34.0 22.0 22.0 
14 .0 25.4 40 .0 40 .0 24 .0 24 .0 14.020.6 34.0 34.0 22.0 22.0 
14.0 25.4 40 .0 40 .0 25 .0 2 5 . 0 14.020.6 35.0 35.0 22.0 22.0 
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ExQeriment 3 (Cont'd~ 

Time TR1 TR2 TR3 TR4 TR5 TR6 TG1 TG2 TG3 TG4 TG5 G6 

15" 0 25.4 41.0 41.0 25.0 2 5.0 15.0 20.6 35.0 3 5.0 22.0 22.0 
15.0 25.4 41.0 41.0 25.0 2 5.0 15.0 20.6 3 5.0 35.0 22.0 22.0 
15.0 25.4 40.0 40.0 24 .. 0 24.0 15.020.6 35.0 35.0 22.0 22.0 
15.0 25.4 40.0 40.0 24.0 24.0 15.0 20.6 35.0 3 5.0 22.0 22.0 
15.0 25.4 40.0 40.0 24.0 24.0 15.0 20.6 35.0 35.0 22.0 22.0 
15.0 25.4 40.0 40.0 24.0 24.0 15.020.6 35.0 35.0 22.0 22.0 
1 5. 0 25.4 40.0 40.0 24.0 24.0 15.021.6 35.0 35.0 23.0 23.0 
15.0 26.4 40.0 40.0 24.0 24.0 15.021.6 35.0 36.0 23.0 23.0 
15.0 26.4 40.0 40.0 24.0 24.0 15.021.6 36.0 37.0 23.0 23.0 
1 5. 0 25.4 40.0 40.0 24.0 24.0 15.021.6 36.0 37.0 23.0 23.0 
1 5. 0 25.4 39.0 39·0 24.0 24.0 15.0 21.6 36.0 3 7.0 23.0 23.0 
15.0 25.4 39·0 39·0 24.0 24.0 15.021.6 35.0 36.0 23.0 23.0 

13:43 1 5. 0 25.4 39.0 39·0 24.0 24.0 15.021.6 35.0 36.0 23.0 23.0 
1 5. 0 25.4 39.0 39·0 24.0 24.0 15.021.6 3 5 .0 36.0 23.0 23·0 
1 5. 0 25.4 39.0 39.0 24.0 24.0 15.021.6 35.0 36.0 23.0 23.0 
15.0 25.4 39.0 39·0 24.0 24.0 15.021.6 35.0 36.0 23·0 23.0 
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ExQeriment 4 

Time T R1 TR2 T R3 T T R5 T R6 T T T T T T 
R4 G1 G2 G3 G4 G5 G6 

10:30 14·.0 23.7 36.0 36.0 22.0 22.0 14.022.0 31 .0 30.0 20.0 20.0 
14.0 23.7 36.0 36.0 22.0 22.0 14.822.0 31 . 0 30.0 21 . 0 21 . 0 
14.0 23.7 37.0 37.0 23.0 23.0 14· 22.0 31 .0 30.0 21 .0 21 . 0 
14.0 24.7 37.0 3 7. 0 23.0 2"3 .0 14.022.0 32.0 31 . 0 21 . 0 21 .0 
14.0 24.7 38.0 35.0 23.0 23.0 14.023.0 3 2.0 31 .0 21 .0 21 .0 
14.0 24.7 38.0 38.0 24.0 24.0 14.023.0 33.0 32.0 22.0 22.0 
1 5.0 25.7 39.0 39.0 24.0 24.0 15.023.0 33.0 32.0 22.0 22.0 
1 5. 0 25.7 40.0 40.0 25.0 25.0 15.0 24.0 34.0 33.0 23.0 23.0 
15.0 25.7 40.0 40.0 25.0 25.0 15.024.0 34.0 33.0 23.0 23.0 
15· 0 25.7 40.0 40.0 2 5.0 25.0 15.024.0 34.0 35.0 23.0 23.0 
15.0 25.7 40.0 40.0 25.0 25.0 15.0 24.0 35.0 34.0 23.0 23.0 
16·0 26.7 41.0 41.0 26.0 26.0 16.0 24.0 35.0 34.0 24.0 24.0 
16.0 27.7 42.0 42.0 26.0 26.0 16.0 25.0 36.0 35.0 24.0 24.0 
16-0 27.7 42.0 42.0 26.0 26.0 16.0 25.0 36.0 35.0 24.0 24.0 
16.0 27.7 42.0 42.0 26.0 26.0 16.0 25.0 3 7.0 36.0 24.0 24.0 
16· 0 27.7 43.0 43.0 26.0 26.0 16.0 26.0 3 7.0 36.0 24.0 24.0 
16.0 27.7 43.0 43.0 26.0 26.0 16.0 26.0 3 7.0 36.0 24.0 24.0 

11 : 3 0 16.0 27.7 43.0 43.0 26.0 26.0 16.0 26.0 38.0 3 7.0 24.0 24.0 
1 6. 0 28.7 43.0 43.0 26.0 26.0 16.0 26.0 38.0 3 7.0 24.0 24.0 
16.0 28.7 44.0 44.0 26.0 26.0 16.0 26.0 38.0 37.0 24.0 24.0 
16.0 28.7 44.0 44.0 26.0 26.0 16.0 2 7. 0 39.0 38.0 25.0 25.0 
1 6. 0 29.7 44.0 44.0 27.0 2 7.0 1 6· 0 2 7. 0 39.0 38.0 25.0 25.0 
16.0 29.7 44.0 44.0 2 7.0 27.0 1 6· 0 2 7. 0 39.0 38.0 25.0 25.0 
1 7. 0 29.7 44.0 44.0 2 7.0 2 7.0 17.0 27.0 39.0 38.0 25.0 25.0 
17.0 29.7 44.0 44.0 27.0 27.0 17.0 27.0 40.0 40.0 25.0 25.0 
17.0 29.7 44.0 44.0 2 7.0 27.0 17.0 27.0 40.0 40.0 25.0 25.0 
17.0 29.7 44.0 44.0 2 7.0 27.0 17.0 27.0 40.0 40.0 25.0 25.0 
1 7. 0 29.7 45.0 45.0 2 7.0 2 7.0 17·0 27.0 40.0 40.0 25.0 25.0 
1 7. 0 29.7 45.0 45.0 2 7.0 2 7.0 17·0 27.0 40.0 40.0 25.0 25.0 
1 7.0 29.7 45.0 45.0 27.0 2 7.0 17.0 28.0 41 .0 41.0 2 5. 0 25.0 
1 7. 0 29.7 45.0 45.0 27.0 2 7.0 17.0 28.0 41.0 41.0 25.0 25.0 
17.0 30.7 45.0 45.0 27.0 2 7.0 17.0 28.0 41.0 41.0 25.0 25.0 
17.0 30.7 45.0 45.0 27.0 2 7.0 17·0 28.0 42.0 42.0 25.0 25.0 
1 7. 0 30.7 46.0 46.0 28.0 28.0 17.0 29.0 42.0 42.0 26.0 26.0 
17.0 30.7 4 7.0 4 7.0 28.0 28.0 17.0 29.0 42.0 42.0 26.0 26.0 
1 7. 0 30.7 4 7.0 4 7.0 28.0 28.0 17.0 29.0 42.0 42.0 26.0 26.0 

12:30 1 7. 0 30.7 4 7.0 47.0 28.0 28.0 1 7. 0 2 9. 0 42.0 42.0 26.0 26.0 
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Ex2eriment 5 

Time TRl TR2 TR3 TR4 TR5 TR6 TG1 TG2 TG3 TG4 TG5 TG6 

1 0: 15 13.0 22.0 34.0 34.0 21.0 21.0 1 3. 0 2 0. 0 26.0 25.0 20.0 20.0 
13.0 22.0 34.0 34.0 21.0 21.0 1 3. 0 2 0. 0 26.0 25.0 20.0 20.0 
13.0 22.0 34.0 34.0 21 .0 21.0 13·0 20.0 26.0 25.0 20.0 20.0 
13.0 22.0 35.0 3 5.0 21.0 21.0 13-0 20.0 26.0 25.0 20.0 20.0 
13.0 23.0 35.0 3 5. 0 22.0 22.0 13.021.0 27.0 26.0 21 . 0 21 .0 
14.0 23.0 36.0 36.0 22.0 22.0 14.021.0 27.0 26.0 21 .o 21 .0 
14.0 23.0 36.0 36.0 23.0 23.0 14.0 22.0 27.0 26.0 22.0 22.0 
14.0 24.0 36.0 36.0 23.0 23.0 14.0 22.0 28.0 27.0 22.0 22.0 
14.0 24.0 36.0 36.0 23.0 23.0 14.0 22.0 28.0 27.0 22.0 22.0 
14.0 24.0 37.0 37.0 23.0 23.0, 14.022.0 28.0 27.0 22.0 22.0 
14.0 25.0 3 7.0 37.0 23.0 23.0 14.0 22.0 29.0 28.0 22.0 22.0 
15.0 25.0 38.0 38.0 23.0 23.0 15.0 22.0 29.0 28.0 22.0 22.0 
1 5. 0 25.0 38.0 38.0 23.0 23.0 15.022.0 29.0 28.0 22.0 22.0 
15.0 25.0 38.0 38.0 23.0 23.0 15.022.0 30.0 29.0 22.0 22.0 
15.0 2 5.0 38.0 38.0 24.0 24.0 15.022.0 30.0 29.0 22.0 22.0 
15.0 25.0 39.0 3 9.0 24.0 24.0 15.022.0 30.0 29.0 22.0 22.0 
1 5. 0 26.0 39.0 39.0 24.0 24.0 15.023.0 31 . 0 30.0 23.0 23.0 
1 5. 0 26.0 40.0 40.0 24.0 24.0 15.023.0 31 . 0 30.0 23.0 23·0 

1 1 : 1 5 1 5. 0 26.5 40.0 40.0 25.0 25.0 15.0 23.0 32.0 31 .0 23.0 23·0 
1 5. 0 26.5 41 .0 41.0 2 5.0 25.0 15.023.0 3 2.0 31 .0 23.0 23·0 
15.0 36.5 41 .0 41.0 25.0 2 5. 0 15.024.0 32.0 31.0' 23.0 23·0 
1 5. 0 26.5 41.0 41 .0 25.0 2 5.0 15.024.0 33.0 32.0 23.0 23·0 
1 5. 0 26.5 42.0 42.0 26.0 26.0 15.024.0 33.0 32.0 23.0 23·0 
1 5. 0 27.5 43.0 43.0 26.0 2 6.0 15.024.0 34.0 33.0 23.0 23·0 
15.0 27.5 43.0 43.0 26.0 26.0 15.025.0 34.0 33.0 23.0 23·0 
1 5. 0 27.5 43.0 43.0 2 7.0 2 7.0 15.025.0 34.0 33.0 23.0 23·0 
16·· 0 28.5 44·0 44·0 27.0 2 7.0 16.0 25.0 35.0 34.0 23.0 23·0 
16.0 28.5 44·0 44·0 2 7.0 27.0 16.026.0 35.0 34.0 23.0 23·0 
16.0 29.5 45·0 45.0 28.0 23.0 16.026.0 36.0 3 5 .0 23.0 23.0 
16.0 29.5 45.0 45.0 28.0 23.0 16.026.0 36.0 3 5 .0 23.0 23.0 
16.0 29.5 46.0 46.0 28·0 28.0 16.026.0 36.0 35.0 23.0 23.0 
16.0 30.5 46.0 46.0 28-0 28.0 16.0 26.0 3 7 .0 36.0 24.0 24.0 
16.0 30.5 46.0 46.0 28·0 28.0 16.026.0 3 7 .0 36.0 24.0 24.0 
16.0 29.5 46.0 46·0 .27·0 2 7.0 16.026.0 3 7.0 36.0 24.0 24.0 
1 6.0 29.5 45.0 45.0 2 7.0 2 7.0 16.025.0 38.0 3 7. 0 24.0 24.0 
16.0 29.5 45.0 45.0 27.0 2 7.0 16.025.0 38.0 37.0 24.0 24.0 

1 2: 1 5 1 6. 0 29.5 45.0 45.0 27.0 2 7.0 16.025.0 38.0 37.0 24.0 24.0 
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ExQeriment 6 

Time TRl TR2 TR3 TR4 TR5 TR6 TGl TG2 TG3 TG4 TG5 TG6 

13:15 24.0 36.4 50.0 so.o 35.8 35.8 24.036.8 43.0 43.0 32.0 32.0 
24.0 36.4 50.0 so.o 35.8 24.8 24.036.8 43.0 43.0 32.0 32.0 
24.0 36.4 50.0 50.0 35" .8 24.8 24.0 36.8 43.0 43.0 32.0 32.0 
24.0 36.4 so.o so.o 35.8 35.8 24.036.8 43.0 43.0 32.0 32.0 
24.0 36.4 so.o 50.0 35.8 35.8 24.036.8 43.0 43.0 32.0 3 2.0 
24.0 36.4 50.0 50.0 35 .8 3 5.8 24.036.8 43.0 43.0 32.0 32.0 
24.0 36.4 50.0 50.0 35 .8 35.8 24.036.8 43 .a 43.0 3 2.0 32.0 
24.0 "36.4 50.0 50.0 35.8 35.8 24.036.8 43.0 43.0 32.0 32.0 
24.0 36.4 50.0 50.0 35 .8 35.8 24.036.8 43.0 43.0 32.0 32.0 
24.0 36.4 50.0 50.0 35 .8 35.8 24.036.8 43.0 43.0 32.0 32.0 
24.0 36.4 so.o 50.0 35 .8 3 5 .8 24.036.8 43.0 43.0 32.0 3 2.0 
24.0 36.4 50.0 50.0 35.8 35.8 24.036.8 43.0 43.0 32.0 32.0 
24.0 36.4 50.0 50.0 35.8 35.8 24.036.8 43.0 43.0 32.0 32.0 
24.0 36.4 so.o 5o.o 35·8 35.8 24.036.8 43.0- 43.0 32.0 32.0 
24.0 36.4 49.0 49.0 35.8 35 .8 24-036.8 43.0 43.0 32.0 32.0 
25.0 36.4 49.0 49-0 35 .8 35.8 25.036.8 43.0 43.0 32.0 32.0 
25.0 36.4 49.0 49.0 35 .8 35·8 25-036.8 43.0 43.0 32.0 32.0 
25.0 36.4 49.0 49.0 35 .8 35·8 25·036.8 43.0 43.0 32.0 32.0 

14:15 25.0 36.4 49.0 49.0 35 .8 35·8 25-036.8 43.0 43.0 32.0 32.0 
25.0 36.4 48.0 48.0 35 .8 35·8 25.036.8 43.0 43.0 32.0 32.0 
25.0 36.4 48.0 48.0 35 .8 35·8 25·036.8 43.0 43.0 32·0 32.0 
25.0 36.4 48.0 48.0 35 .8 35·8 25·036.8 43·0 43·0 32·0 32.0 
25.0 36.4 48.0 48.0 35 .8 35·8 25·036.8 43 .0 43.0 32.0 32.0 
25.0 36.4 48.0 48.0 35.8 35·8 25·036.8 43.0 43.0 32.0 32.0 
25.0 36.4 48.0 48.0 35 .8 35·8 25-036.8 43.0 43.0 32.0 32.0 
25.0 35.4 48.0 48.0 35 .8 35·8 25·036.8 42.0 42.0 31 . 0 31 .0 
25.0 35.4 48.0 48-.0 35 .8 35·8 25·035.8 42·0 42·0 31 . 0 31 . 0 
25.0 35.4 48.0 48·0 35 .8 35·8 25·035.8 42·0 42·0 31 . 0 31 . 0 
25 .0 35.4 48.0 48·0 35 .8 35·8 25.035.8 42·0 42·0 31 .0 31 . 0 
25.0 35.4 47·0 47·0 35 .8 35·8 25·034.8 41.0 41·0 31 .0 31 . 0 
25.0 34.6 47 .0 47·0 35·8 35·8 25·033.8 41 . 0 44 . 0 30·0 30.0 
25.0 34.4 46 .0 ~6 .0 35.8 35·8 25·033.8 41.0 41·0 30·0 30.0 
25.0 34.4 46 .0 46 .0 34 .5 24.5 25·033.8 40.0 40·0 30·0 30.0 
25.0 33.4 45 .0 45 .0 34.5 34.5 25.032.8 40.0 40·0 30·0 30.0 
25 .0 33.4 45 .0 45 . 0 34.5 34.5 25·032.8 40.0 40·0 30·0 30.0 
25.0 33.4 45 .0 45 .0 34.5 34.5 25.032.8 40.0 40·0 30·0 30.0 

15: 15 25 .0 33.4 45 .0 45 .0 34.5 34.5 25.032.8 40.0 40·0 3Q.O 30.0 
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ExQeriment 7 

Time T R1 T R2 T R3 T R4 T R5 T R6 T G 1 TG 2 TG3 T G4 TG5 G6 

11 : 4 5 16.0 25.5 35.0 35.0 24.0 24 ·.0 16.024.0 24.0 21 .0 21 . 0 21 .0 
16.0 25.5 35.0 35.0 24.0 24.0 16.024.0 29.0 21 .0 21 . 0 21 .0 
16.0 25.5 35.0 35.0 24.0 24.0 16.024.0 29.0 21 . 0 21 . 0 21 .0 
16.0 25.5 35.0 35.0 24.0 24.0 16.024.0 30.0 22.0 21 .0 21 .0 
16.0 25.5 36.0 36.0 24.0 24.0 16.024.0 30.0 22.0 21 .0 21 .0 
16.0 26.5 36.0 36.0 24.0 24.0 16.024.0 30.0 22.0 21 .0 21 .0 
16 .0 26.5 36.0 36.0 24.0 24.0 16.024.0 31 . 0 22.0 21 . 0 21 . 0 
16.0 26.5 36.0 36.0 24.0 24.0 16.024.0 31 . 0 23.0 21 . 0 21 . 0 
1 6 . 0 26.5 36.0 36.0 24.0 24.0 16.024.0 31 . 0 23.0 21 . 0 21 . 0 
1 6 . 0 26.5 36.0 36.0 24.0 24.0 16.024.0 31 .0 24.0 21 . 0 21 .0 
16 . 0 26.5 36.0 36.0 24.0 24.0 16.025.0 31 . 0 24.0 21 . 0 21 .0 
1 6 . 0 26.5 37.0 37.0 25.0 25.0 16.025.0 32.0 24.0 22.0 22.0 
16 . 0 26.5 37.0 37 .0 25.0 25.0 16.025.0 32 .0 25.0 22.0 22.0 
1 7 . 0 27.5 38.0 38.0 25.0 25.0 17.025.0 32 .0 25.0 22.0 22 .0 
1 7 . 0 27.5 38.0 38.0 25.0 25.0 17.025.0 33 .0 25.0 22.0 22 .0 
17 .0 27.5 38.0 38.0 26.0 26.0 17.026.0 33 .0 26 .0 23.0 23.0 
17 .0 27.5 38.0 38.0 26.0 26.0 17.026.0 33 .0 26 .0 23 .0 23.0 
17 .0 28.5 38 .0 38.0 26.0 26.0 17.026.0 33 .0 26 .0 23 .0 23 .0 

12:45 17 .0 28.5 39.0 39.0 26 .0 26.0 17.026.0 34 .0 26 .0 23 .0 23 .0 
1 7 . 0 28.5 39.0 39.0 26.0 26·0 17.026.0 34 .0 27 .0 23 .0 23 .0 
17 .0 28.5 39.0 39.0 26.0 26 .0 17.026.0 34 .0 27 .0 23 .0 23 .0 
18 . 0 28.5 39.0 39.0 26.0 26·0 18.026.0 34.0 27 .0 23 .0 23 .0 
18.0 28.5 39.0 39.0 26.0 26·0 18.026.0 34.0 2 7 .0 23 .0 23 .0 
18 .0 28.5 39.0 39.0 26.0 26·0 18.027 .0 35 .0 28 .0 23 .0 23 .0 
18.0 28.5 39 .0 3 9 .0 27 .0 27·0 18.027 .0 35 .0 28 .0 24 .0 24 .0 
18 . 0 28.5 39 .0 39.0 27 .0 27 .0 18.027 .0 35 .0 28 .0 24 .0 24 .0 
18 . 0 29.5 39 .0 39.0 27 .0 27·0 18.027 .0 35 .0 2 9 . 0 24 .0 24 .0 
1 9 . 0 29.5 39 .0 39.0 27 .0 2 7 .0 19.027 .0 35.0 29 .0 24 .0 24 .0 
19 .0 29.5 3 9 .0 3 9 .0 27 .0 27·0 19 .027 .0 36 .0 29 .0 24 .0 24 .0 
1 9 . 0 29.5 39.0 39 .0 27 .0 27 .0 19.027.0 36.0 29 .0 24 .0 24 .0 
19 .0 29.5 39 .0 39 .0 27 .0 27 .0 19.027.0 36.0 30 .0 24 .0 24 .0 
1 9 . 0 29.5 39 .0 39 .0 27 .0 27 .0 19.027 .0 36.0 30.0 24 .0 24 .0 
1 9 . 0 29.5 39 .0 39 .0 27 .0 27·0 19.027.0 36.0 30.0 24.0 24 .0 
19 .0 29.5 3 9 .0 39 .0 27 .0 27 .0 19.027.0 36.0 30.0 24.0 24.0 
20 .0 29.5 39 .0 39 .0 28 .0 28·o 20 .028 .0 36 .0 30 .0 25 .0 25 .0 
20 .0 30.5 40 .0 40.0 28 .0 28.0 20 .028 .0 36 .0 31 .0 25 .0 25 .0 

13:45 20 . 0 30.5 40 .0 40 .0 28 .0 28.0 20 .028 .0 37 .0 31 .0 25 .0 25 .0 



Table B-2 

Solar 
Time 

15:00 

15:10 

15:20 

15:30 

15:40 

15:50 

16:00 

Instantaneous Solar Radiation Intensity 
and Insolation Records 

ExQeriment 1 ExTeriment 2 
Solar So ar 
Radiation Instantaneous Radiation 
Intensity, Insolation, Solar Intensity, 

2 2 WattsLm Watts Time WattsLm 

694.67 569.28 11 : 2 5 573.10 
11 : 3 5 581.78 

67 7. 30 555.05 11 : 4 5 590.47 
11 :55 599.15 

607.83 698.12 12:05 607.83 
1 2: 15 607.83 

668.62 547.93 12:25 616.52 
12:35 616.52 

694.67 569.28 12:45 625.20 
12:55 625.20 

625.20 512.35 13:05 629.54 
13: 1 5 625.20 

590.47 483.89 13:25 625.20 

Instantaneous 
Insolation, 
Watts 

469.66 
476.77 
483.89 
491.00 
498.12 
4 98. 1 2 
505.24 
505.24 
512.35 
512.35 
515.91 
512.35 
512.35 

__. 
__. 
01 



Solar 
Time 

10:43 
10:53 
11 : 03 
11 : 13 
11 : 23 
11 : 3 3 
11 : 43 
11 :53 
12:03 
12: 13 
12:23 
12:33 
12:43 
12:53 
13:04 
13: 13 
13:23 
13:33 
13:43 

Experiment 3 Experiment 4 
Solar Solar 
Rd. t· R d" t• a la ~on Instantaneous a la ~on Instantaneous 
lntenslty, Insolation, Solar Intensliy, Insolation, 
Watts/m2 Watts Time Watts/m · Watts 

555.73 
581.78 
581.78 
599.15 
616.52 
625.52 
642.57 
646.91 
655.59 
668.62 
672.96 
685.98 
703.35 
703.35 
707.69 
685.98 
703.35 
699.01 
694.67 

455.42 
476.44 
476.77 
491.00 
505.24 
512.35 
526.58 
530.14 
537.26 
547.93 
551 . 49 
562.16 
576.40 
576.40 
579.95 
562.16 
576.40 
572.84 
569.28 

10:30 

10:40 

10:50 

11 :00 

11 : 1 0 

11 : 20 

11 : 30 

11 :40 

11 :50 

12:00 

12: 10 

12:20 

13:30 

616.52 

633.88 

659.93 

677.30 

690.33 

703.35 

712.03 

720.72 

729.40 

755.45 

755.45 

755.45 

781.50 

505.24 

519.46 

540.81 

555.05 

565.72 

576.40 

583.51 

590.63 

597.74 

619.09 

619.09 

619.09 

640.44 
....... 
....... 
m 



Solar 
Time 

1 0: 1 5 

10:25 

10:35 

10:45 

10:55 

11 : 05 

11 : 1 5 

11 : 2 5 

11 : 3 5 

11 : 4 5 

11 :55 

12:05 

1 2: 1 5 

Experiment 5 Experiment 6 s 0 ra r ---~~ --~-~-- -- --- ----- ~--- -~-- -s-o, a r 

Radiat~on Instantaneous Radiat~on Instantaneous 
Intenslty, Insolation, Solar Intensliy, Insolation, 
Watts/m2 Watts Time Watts/~~ ~Watts 

599.15 

607.83 

599.15 

6-1 6. 52 

625.20 

616.52 

651.25 

668.62 

694.67 

703.35 

720.40 

746.77 

738.08 

491.00 

498.12 

491 .00 

505.24 

512.35 

505.24 

533.70 

547.93 

569.28 

576.40 

597.74 

611 . 98 

604.86 

13:45 

13:55 

14:05 

14: 15 

14:25 

14:35 

14:45 

14:55 

15:05 

15: 15 

15:25 

15:35 

15:45 

772.82 

738.08 

712.03 

712.03 

694.67 

694.67 

685.98 

668.62 

659.93 

677.30 

651.25 

642.57 

633.88 

633.32 

604.86 

583.51 

583.51 

569.28 

569.28 

562.16 

547.93 

540.81 

555.05 

533.70 

526.58 

519.46 __. 

'.I 



Ex~eriment 7 
Solar 
Radiation Instantaneous 

Solar Intensity, Insolation, 
Time Wa t ts/m2 Watts 

11 : 4 5 590.47 483.89 

11 : 4 5 599.15 491.00 

12:05 607.83 498.12 

12: 1 5 612.18 501.68 

12:25 616.52 505.24 

12:35 625.20 512.35 

·12:45 625.20 512.35 

12:55 629.54 515.91 

13:05 629.54 515.91 

13:15 629.54 515.91 

13:25 625.20 512.35 

13:35 616.52 505.24 

13:45 607.83 498.12 -.a __. 
(X) 
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APPENDIX C 

ERROR ANALYSIS OF THE EXPERIMENTAL RESULTS 



Error Analysis of the Experimental Results 

The error analysis of the experimental results is pre-

sented here by considering the variation of solar absorptance of 

the flat-black paint with solar angle of incidence for the seven 

experiments conducted. Since both reference and grain collectors 

were exposed to identical environmental conditions the error analysis 

obtained for the reference flat-black paint experimental results is 

equally applicable to the grains. 

Let ~ 1, Q2, Q3, --------, ~ 7 be the solar ab-

sorptance of the flat-black paint for different solar angle of 

incidence~ The subscripts 1, 2, 3, --------,7 denote the experiment 

numbers. The mean solar absorptance, qem' of the flat-black paint 

for the range of angle of incidence 38 to 60° is given by 

120 

~m = (c. 1) 
n 

where n = number of experiments (samples) 

The estimation of the standard deviation of the paint's 

solar absorptance from the mean value at a given angle of incidence 

is based on the range of the solar absorptance values, that is, the 

difference between the largest and smallest solar absorptance value. 

From the range, the standard deviation is estimated by means of a 

multiplier, MP, which depends on the sample size (i.e. number of 

experimental results obtained). The multiplier is shown in Table C.l 

in the column headed 11 6 11
• The standard deviation, is, 

~--Range 
therefore, given by (C.2) 

~ = Range x MP 



Table C.l Ratio of C) to Range in Samples of n from Normal 
Distribution 

<S = MP n Range 

2 0.886 

3 0.591 

4 0.486 

5 0.430 

6 0.395 

7 0.370 

8 0.351 

9 0.337 

10 0.325 

20 0.268 

50 0.222 

For n = 7, the multiplier, MP, is 0.370 from Table C.1. 

Assuming normal distribution for the paint's experimental 

results about the mean value, for 95% probability or confidence 

limit, the solar absorptance values ~1' ~2' ce3' --------, q7 

are correct within the limit+ L where 

121 

L = 1 • 96 <1'" j / n (C.3) 



The maximum estimated error in the solar absorptance values of the 

flat-black paint and grains is, therefore, ~ L. Using the results 

presented in Tab 1 e 5. 7, the mean so 1 ar absorptance, ~ m, of f1 at

black paint for angle of incidence 38 to 60° was 0.940, and this 

is correct to within + L = + 0.016. 
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