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ABSTRACT 

The performance of indirect natural convection solar dryers are limited by 

their low air flow rates. Relatively recent work have indicated that the 

performance of these class of dryers can be significantly improved by proper 

design of their various components, i.e., the collector, the drying chamber, and 

the chimney. In this study, the effect of four designs of heated chimneys, using 

sawdust as the heat source, and the effect of the collector air gap height on 

the performance of indirect natural convection dryers were assessed 

experimentally. Tests were carried out using two dryers under identical outdoor 

conditions to compare the relative effects of the chimneys and the air gaps 

used. Results indicated that two of the heated chimneys could be used to 

improve drying rates in the dryer as they produced temperatures greater than 50 

C above the ambient for periods up to six hours, using only about 5 kg of sawdust 

as the heat source. Results for drying rates for rice indicated that the 

performance of the dryer was significantly enhanced by reducing the mean 

collector air gap height gap from 5 to 4 cm. This observation was confirmed by an 

order of magnitude analysis. The mean drying rates of indirect natural 

convection solar dryers can be improved using chimney III which is at least 2m 

high and a collector air gap height which is not greater than 4 cm. 



PREFACE 

This report presents results of collaborative research between the authors 

of this project which was carried out at the Centre d' Etudes et de Recherches 

sur les Energies Renouvelables (CERER). The research was defined by one of the 

authors based on results of earlier work. This work was d'arried out within the 

framework of a network of research activities in six countries, all supported by 

the International Development Research Centre (Canada). However, all the 

experimental results presented and discussed here were obtained in a specific 

project concerned with the effects of heated chimneys and collector air gap 

height on the performance of indirect natural convection dryers. The analytical 

work on the order of magnitude analysis for the effect of the collector air gap 

eight on the mean drying rate was based on results of modelling work being 

carried out by Prof. Patrick Oosthuizen at Queen's University at Kingston, 

Canada. 
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NOMENCLATURE 

A = constant 

ACOII = area of absorber plate 

A,= constant 

B = mean rice bed thickness 

Bi = constant 

C1 to C8 = constants 

CP = thermal conductivity 

Fix = buoyancy force in the drying chamber 

g = gravitational acceleration 

G = mean height of air gap in collector 

h = convective heat transfer coefficient 

H = height of bed above collector outlet 

I = instantaneous solar radiation intensity 

k = thermal conductivity of air 

K = Darcy pressure drop coefficient 

LC = length of drying chamber 

LCOII = length of collector 

m = mass flow rate of air through collector 

M = moisture content or rice 

Nui = Nusselt number based on collector length 

Pa = ambient pressure 

P, = pressure at collector inlet 

P2 = pressure at collector outlet 

P3 = pressure below the bed 

P4 = pressure above the bed 

Red = Reynolds number based on collector length 
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t = time 

Ta = ambient temperature 

TC = mean air temperature inside drying chamber 

TP = mean absorber plate temperature 

UCOII = mean air velocity in the collector 

Ud = mean air velocity in the drying chamber 

WCOII = Width of absorber plate 

P = bulk coefficient of expansion of air 

= collector efficiency 

cp = specific heat 

p = dynamic viscosity 

p = density of air 



1. INTRODUCTION 

1.1 Background 

Reduction of post harvest losses in developing countries can significantly 

contribute to the availability of food. Estimations of these losses are 
generally cited to be of the order of 40% but they can, under very adverse 

conditions, be nearly as high as 100%. A significant percentage of these losses 
are related to improper and/or untimely drying of foodstuffs such as cereal 
grains, pulses, tubers, meat, fish, etc. 

Traditional drying, which is frequently done on the ground in the open air, is 
the most widespread method used in developing countries because it is the 
simplest and cheapest method of conserving foodstuffs. Some disadvantages of 
open air drying are: exposure of the foodstuff to rain and dust; uncontrolled 
drying; exposure to direct sunlight which is undesirable for some foodstuffs; 
infestation by insects; attack by animals; etc. 

In order to improve traditional drying, solar dryers which have the potential 

of substantially reducing the above-mentioned disadvantages of open air drying, 

have received considerable attention over the past 20 years. There has 

unfortunately not been any significant use of solar dryers in developing 

countries for various reasons described by Bassey (1989). These can be 

attributed to: poor problem definition which makes the developed dryers 

technically inadequate and economically unviable; inappropriate dryer designs due 

to the choice of construction materials and the use of electrically operated 
fans; inadequate understanding of the operation of solar dryers and lack of 

design procedures. 

Solar dryers of the forced convection type can be effectively used. They 

however need electricity, which unfortunately is non-existent in many rural 
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areas, to operate the fans. Even when electricity exists, the potential users 

of the dryers are unable to pay for it due to their very low income. Forced 
convection dryers are for this reason not going to be readily applicable on a wide 

scale in many developing countries. 

Natural convection dryers circulate the drying air without the aid of a fan. 

They therefore have low air flow rates which tend to give them slower drying 

rates, compared to traditional open air methods. Despite this disadvantage, 

experience with these dyers has indicated that they can be of significant use in 

many rural areas in developing countries. 

Designs of natural flow dryers have, for the most part, been done by trial and 

error. Most of the developed dryers have not performed satisfactorily. There is 

a need to understand the overall operation of the dryer, the interaction between 

its component parts, the influence of various design and operating parameters on 

its performance, and the development of systematic design procedures and 

guidelines. These technical constraints have been partially responsible for the 

lack of use of natural convection solar dryers (Bassey, 1989). 

1.2 Relevant Past Studies 

A substantial number of studies have been reported in the literature on solar 

drying. Forced convection solar dryers can be effectively designed using 

available standard design procedures for solar collectors, calculation of air 

flow rates, and the determination of moisture removal from the commodity to be 

died. These dyers, because of their inappropriateness in the rural setting of 

many developing countries, are not treated in this report. 

Indirect natural convection solar dryers can be used for drying various 
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commodities. Although the literature on these dryers is vast, there is little 
information on studies which have used rigorous engineering analysis to develop 

design procedures, investigate the effect of changing key parameters on the 

operation of the dryers, and obtain reliable experimental data on dryer 

performance. This section gives a brief review of some recent and relevant work, 

in the above-mentioned neglected areas. Excel (1980) has outlined the basic 

factors to consider in the design of a natural convection solar rice dryer. The 

method outlined is very approximate, due to the simplified formulations used to 

calculate the air flow rates and collector area, which did not take into account 

heat transfer rates, properties of construction materials, etc. The dryer which 

was built from this design was effectively a mixed mode dryer making it difficult 

to evaluate the accuracy of the design procedure. 

Bassey (1982a) outlined a detailed experimental study aimed at understanding 

the performance of indirect natural convection solar dryers under various 

outdoor conditions. The dryers used had the collector area equal to that of the 

rice bed which was 30 cm above the exit of the collector. Two types of 

collectors were used. Results indicated that the dryers gave lower drying rates 
than traditional open air drying due to the low air flow rates through the dryer. 

Efforts were made to improve the air flow by painting the 38 cm diameter chimney 

(lm and 2m high) black and covering it with a transparent plastic material 

(effectively making it a solar collector), but no significant improvements on 

dryer performance were observed (Bassey, 1982b). The complicated nature of the 

interaction between the various parameters were noted and it was suggested 

that more detailed work was needed to understand the heat transfer and air flow 

through the various components of the dryer. 

Based on the work of Bassey (1982a), Whitfield (1985) carried out work on 
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natural convection solar dryers to determine the effect of chimney sizes and 

insulating the dryer cabinet. Though the results were not conclusive, mainly due 

to limitations in the accuracy of experimental measurements, it was shown that 

the insulated dryer would improve the airflow through the dryer. 

In collaboration with Whitfield (1989), Koroma (1989) carried out limited 

experiments on indirect natural convection solar dryers made from mud bricks. 

Results indicated that the insulating and energy storage effects of the mud 

walls improved drying rates even during the night, resulting in the dryer giving 

better drying performance compared to ground drying for the same bed thickness. 

Preston (1985) used the experimental results of Bassey (1982a) to develop a 

simulation model for an indirect natural convection solar dryer. The overall 

agreement between the predictions and experiments were good for the empty dryer 

but not very good for the dryer loaded with rice. This indicated that the 

modelling of the rice bed and the formulations used for the drying rates were 

inadequate. Despite these shortcomings, the model gave useful information on 

the effects of various design changes on the performance of the dryers. 

Extensive work has been reported by Oasthuizen (1987) on indirect natural 

convection solar rice dryers. It consisted of an experimental study and the 

development of a computer model capable of predicting outdoor results. The 

experiments (Oosthuizen and Sheriff (1988)) consisted of indoor lab testing of 

dryers in which the solar collectors were simulated by electrically heated plates 

maintained at temperatures of actual solar dryers. The effect of parameters 

such as chimneys, depth of rice bed, insulation of the drying chamber, height of 

the rice bed above the collector exit, on the performance of the dryer were 

studied. Concrete recommendations were given for these parameters in the 

design of solar dryers and a "standardized drying rate" was developed to enable 



comparison to be made between results obtained under different ambient 

conditions. The computer modelling study (Oosthuizen (1986), Oosthuizen (1988)) 

involved the use of field measurements of solar radiation, assumptions for heat 

transfer in the collector, calculation of flow through the dying chamber and the 

rice bed, to predict the field drying rates. Results agreed very well with field 

experiments obtained by Bassey (1982a), Whitfield (1985) and Koroma (1989). 

Recent work has been reported by Koroma (1991) on the effect of the length of 

solar collectors on the performance of indirect natural convection dyers. 

Although the experimental data could only be considered preliminary, the results 

indicated that collectors with shorter lengths give faster dying rates provided 

their total surface area remains constant. More work is needed to determine the 

applicability of such findings. 

1.3 Aim of Present Work 

Results of the above-mentioned studies indicate that significant progress 

has been made in understanding the interaction between various parameters and in 

designing natural convection solar dryers. Even though they can now be designed 

to give satisfactory performance, significant work is needed to make them more 

effective. Further research needs to be done to improve air flow rates, 

collector efficiency and energy storage, while maintaining the dryers' low cost. 

This study was carried out within the context of a collaborative research 

program on natural convection solar dryers involving researchers in six countries 

(Cameroon, Canada, Nigeria, Senegal, Sierra Leone and Togo), aimed at developing 

dryers that are suitable for rural areas. The work described in this report, 

which was carried out in Senegal, was intended to investigate possible methods of 

improving the performance of the dyers through the improvement of air flow 
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rates. 

The objectives of the project were to experimentally study natural 

convection solar dryers in order to: 

a) Define their performance using heated chimneys; 

b) Determine the possible effects of collector air gap thickness on their 

performance, and; 

c) Obtain experimental data that can be used in future modelling studies. 

2. EXPERIMENTAL EQUIPMENT 

2.1 Natural Convection Dryer Design 

Two indirect natural convection solar dryers were used in this study. The 

basic design is shown in Figure 1. It consisted of a solar collector, the drying 

chamber, the bed of rice being dried, and the chimney. 

2.1.1 The Collector 

The cross section of the collector is shown in Figure 2. Plywood, 1.5 cm thick, was 

used to construct the collector's frame. The absorber plate made from 3 mm 

thick steel sheet and painted mat black was attached to the plywood by nails and 

the 10 cm air space between it and the bottom of the collector was filled with 

fibreglass wool as thermal insulation. Ordinary window glass with a surface area 

of 100 x 100 cm2 and 0.4 cm thick was used as the transparent cover and was held 

in place by silicon sealant. The mean distance between the lower surface of the 

glass cover and the surface of the absorber was 4 cm or 5 cm, depending on the 

experimental situation. The collector was inclined to the horizontal at an angle 

of about 20 degrees. 
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2.1.2 The Drying Chamber 

The drying chamber was made from 1.5 cm thick plywood. It had dimensions 

(width x depth x height) of 100 x 100 x 195 cm3. All sides of the chamber were made 

air tight with silicon sealant and adhesive tape. The exit of the collector and 

the tray holding the rice were located at a height of 5 cm and 150 cm 

respectively from the base of the chamber. A 23 cm diameter hole was cut in the 

centre of the plywood piece covering the top of the dryer. Although the majority 

of tests were carried out with the chambers of the dryers uninsulated, a 10 cm 

thick fibreglass wool insulation was placed around the chambers during some of 

the tests. 

2.1.3 The Chimneys 

Four chimneys 23 cm in diameter (designated as chimney I, II, III and IV) made 

from 3 mm thick iron sheet were used in the experiments. Their respective overall 

designs are shown in Figures 3 to 6. They all used sawdust as the heat source. 

The cylindrical burners 43 cm in diameter and 25 cm high were made from 3 mm sheet 

metal. The passage between the top of the dryer and the base of the burner, 

through which combustion air from the ambient entered the burner, was 5 cm high. 

For chimneys I and IV (Figures 3 and 6), the annulus through which air entered the 

burner was 2 cm wide. Chimneys II and III (Figures 4 and 5) had eight equally 

spaced air inlet holes, each having a diameter of 2 cm. The burners were designed 

to burn for about 3 hours with a full charge of sawdust of about 5 kg. They were 

loaded by lifting the outer covers shown in the figures. 

The burners were designed using equations developed by Bassey (1983a) for 

"hole-throw-sawdust-type" burners. Parameters included in the design 

equations were the mass of sawdust used, the burning time, the height of the 
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Figure 3. Design features of chimney I 
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Figure 4. Design features of chimney II. 
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Figure 6. Design features of chimney IV. 
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packed sawdust and the air inlet dimension. In operation the sawdust was packed 

around cylindrical surfaces placed in the holes or annulus, which when withdrawn 

left cylindrical holes in the sawdust. When lit, the sawdust in these holes 

produced heat which could be used for various applications (Basset' 1983b). 

In chimneys I and IV the sawdust burned within an annulus whereas in chimneys 

II and III the sawdust burned within eight individual holes. The air from the drying 

chamber in chimneys I and II did not mix with the hot combustion gases from the 
burner. Neat was transfered from the hot gases to the air in the 23 cm diameter 

inner section by conduction, convection and radiation. On the contrary, the hot 
gases in chimneys III and IV mixed with the air from the cabinet. 

The height of the chimneys used in most of the experiments was lm but in some 

experiments, chimneys III and IV were each 2m tall. In all the chimney 

installations, the top of the dryer cabinet was thermally insulated from the heat 
from the burners by inserting a 10 cm thick fibreglass wool between the metal 

base of the burner and the wooden top of the cabinet. 

2.1.4 The Drying Tray 

Both solar dryers were fitted with trays of surface area 100 x 100 cm2 and 25 

cm high. The sides of the trays were made from plywood and the base was covered 
with a fine wire screen reinforced with stronger wire to minimize sagging when 

loaded with rice. Access to the trays was obtained through the back of the 
dryers. 



2.2 Measuring Equipment 

2.2.1 The Data Acquisition System 

A Hewlett Packard data acquisition unit HP 3421 A/338 was used to measure 

temperatures with type T themocouples at various locations in the dryers during 

the tests. It was connected to a Hewlett Packard HP 86-8 computer which was 

used to process the data. 

2.2.2 The Hewlett Packard 86-8 Computer 

All the temperature measurements obtained by the data acquisition system 

were processed by the computer and automatically recorded in diskettes and on 

paper as a function of time. 

2.2.3 Moisture Content Equipment 

A Dole 400 Grain Moisture Tester was used to measure moisture content of 

the rice during the tests. It had the advantage of giving immediate readings of a 

given sample of grain. However moisture content of about 30% wet basis could 

not be measured reliably. 

Moisture contents of the rice samples were also obtained using a PROLAB 

electric oven and a Mettler Precision Mechanic Balance. These two equipment 

allowed the moisture content of very small quantities of rice to be reliably 

obtained irrespective of the moisture content. However with this method the 

moisture content could only be obtained after a 24 hour period. 

2.2.4 The Haenni 118 8olarimeter 

Total solar radiation was measured using a Haenni 118 Solarimeter which could 
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display the instantaneous intensity of solar radiation (in W/m2) or the 

integrated total solar radiation (in KWh/m2). It was a portable unit consisting of 

a small solarimeter and a hand-held integrator unit. 

2.2.5 The Omega RH - 201 C Hygrometer 

This was a hand held unit consisting of an electronic probe, which detected 

both the relative humidity and temperature of the air, and a digital meter which 

gave the reading. 

3. EXPERIMENTAL PROCEDURE 

3.1 Verification of Identical Nature of Dryers 

All tests reported in this study were carried out using two indirect natural 

convection solar dryers. In order to verify their performance under identical 

conditions, each was fitted with collectors having an air gap height of 4 cm. 

Chimneys were not fitted to the dryers. In these tests, temperatures were 

measured at various locations in the dryer (as shown in Figure 1) from about 0900 

to 1800 hours for several days. In some cases, both dryers were empty whereas in 

other cases they were each loaded with 15kg of wet rice (3 cm deep). The drying 

curves were obtained by measuring the moisture content of the rice as described 

in section 3.4. 

3.2 Effect of Chimney Configuration 

Tests were done using both identical dryers, with collectors having a 4 cm air 

gap height, to determine the effect of lm high heated chimneys on mean drying 

rates for rice. Comparative tests were carried out mainly with 15 kg (3 cm high) 



rice beds to assess the effect of; 

* chimney I versus no chimney 

* chimney II versus no chimney 

* chimney III versus no chimney 

* chimney I versus chimney II. 

All eight burner holes of chimneys II and III were lit during tests involving 

these chimneys. Temperatures along the centreline of the chimneys were 

measured using thermocouples at three points (7, 8 and 9) as shown in Figure 1. 

3.3 Effact of Collector Air Gap Height 

Collectors having mean air gap heights of 4 and 5 cm were fitted to the dryer 

cabinets and the following tests were carried out to assess the relative 

effects of the air gaps. Drying tests, using various rice bed thicknesses, were 

carried out with various chimneys attached to the dryers. For some tests, both 

dryer cabinets were insulated and chimneys with heights of 2m were used. Open 

air drying on a wooden platform was carried out in some cases in order to compare 

the performance of the dryers to the traditional method. 

3.4 Measurement of Moisture Content 

It was not possible to obtain freshly harvested rice for the tests. Instead, 

dry rough rice at moisture content of about 12% (wet basis) was rewetted by 

submerging it in water, leaving it to soak for about three to four hours after 

which it was spread thinly on a sloping surface and left to dry overnight in a 

covered shed. This gave rice with a moisture content of 25 - 35% (w.b.). 

Samples for determining the moisture content of the rice were obtained at 
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any given time by thoroughly mixing the rice in the trays, taking samples at five 

locations and thoroughly mixing them. About 100 gm of this final sample was 

weighed, placed in an oven at 110 C for 24 hours, and weighed again. The moisture 

content on a wet basis (w.b.) was obtained from (wet mass - dry mass) x 100/wet 

mass. The Dole Moisture Meter was used to check the moisture content of rice 

immediately the sample was taken from the dryer. Moisture content readings were 

taken every hour during all the tests. 

Various rice bed thickness were used in the experiment. Each 5 kg load 

represented a nominal bed thickness of 1 cm. 

Ambient temperatures and air relative humidities were obtained during the 

drying tests. Mean ambient temperatures minimum and maximum ambient relative 

humidities are shown in Table 1 for days on which drying results are presented in 

this report. 

3.5 Open Air Drying 

Rice with the same initial moisture content as that in the dryers was spread 

about 1 to 2 cm high on a plywood board placed on top of a concrete slab. Open 

air drying tests were carried out during some periods when the dryers were in 

operation. 

3.6 Measurement of Solar Radiation 

The intensity of total radiation perpendicular to the plane of the glass 

surface of the collectors was measured with the Haenni solarimeter. Readings 

were recorded manually every hour during some of the drying tests. 



Table 1. Mean ambient air temperatures and minimum and maximum air relative 
humidities corresponding to drying curves presented in this report. 

----------------------------------------------------------- 

Date Mean Air Ambient Air Relative Humidity 
Temperature Min Time Max Time 

C GMT GMT 
----------------------------------------------------------- 

Jan 18/89 23 41 1300 89 2300 
Jan 19/89 23 67 1000 92 0100 
Jan 20/89 22 63 1400 -- -- 
May 10/89 28 70 1400 90 0800 
Jun 21/89 31 62 1300 92 0000 
Nov 07/89 32 40 1150 95 0200 
Nov 08/89 32 52 1400 87 0345 
Nov 09/89 28 65 1240 86 0330 
Nov 10/89 27 80 1000 96 2300 
Nov 22/89 29 59 1550 86 2350 
Nov 23/89 32 79 1700 98 0800 
Nov 24/89 32 71 1700 35 0000 
Nov 27/89 30 77 1300 98 0200 
Nov 28/89 32 77 1400 97 0550 

Nov 29/89 -- 74 1450 95 0450 
Nov 30/89 33 77 1150 90 0150 
Dec 05/89 33 63 1450 96 0500 
Dec 12/89 33 46 1450 93 0500 
Dec 13/89 35 47 1450 95 2350 
Dec 14/89 37 45 1400 96 0100 
Dec 15/89 36 29 1100 95 0400 
Dec 19/89 35 13 1400 89 0100 
Dec 21/89 37 19 0850 85 0000 

-- Data not available. 



4, RESULTS AND DISCUSSION 

4.1 Identical Nature of Dryers I and II 

An important aspect of this study was to construct and use two identical 
dryers in order to compare the relative performance of various components of 
indirect natural convection dryers. Results of tests described in section 3.1, 

for dryers I and II, each having a collector air gap height of 4 cm, are presented 
and discussed in this section. 

Typical daily variation of absorber plate temperatures measured at positions 
indicated in Figure 1 are shown in Figure 7 for no-load conditions. The lower 
group of curves show that the absorber plate temperatures at the inlet of the 
collector are identical for both dryers I and II which have no chimney attached. 
These dryers also have effectively the same absorber temperatures at other 
points in the collector, as indicated by the higher group of curves in Figure 7. 

Air temperatures (T4) at the exit plane of the collector and below the drying 
tray (T5), under no load, are shown in Figure S. The effectively identical nature 
of these temperatures in both dryers is shown by the results. Differences in 
the variations for T4 are due to the difficulties in acurately locating the 
thermocouples at precisely the same position at the exit plane of the two 

collectors. 

Results for absorber plate temperatures during drying are shown for dryers I 

and II in Figure 9 and are similar to those discussed in Figure 7. Air 

temperatures (T4 and T5) in the dryer, shown in Figure 10, indicate that the 
dryers have similar thermal responses under load. Variations for temperatures 
(T6) above the rice bed show significant differences due to the positioning of 
the thermocouples with respect to the dryers' exit and the effects of ambient 
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Figure 9. Typical variation of absorber plate temperatures in dryers I 
and II under load. (Tij: i denotes position on absorber; 
denotes dryer I or II). 
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Figure 10. Typical variation of air temperatures in the dryer for dryers 
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exit, 5 and Znotes below and above the rice bed respectively), 
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conditions on them. A comparison of the performance of dryers I and II is shown 

in Figure 11 for a 3 cm high rice bed. This result, which is similar to others 

obtained, indicate the identical nature of the dryers. 

It can thus be concluded that the two indirect dryers natural convection 

solar dryers I and II, having a 4 cm air gap height, gave effectively the same 

performance when subjected to identical operating conditions. 

4.2 Typical Temperatures in the Heated Chimneys 

It is recalled that the chimneys were heated using sawdust burners shown in 

Figures 3 to 6, the aim being to produce temperatures in the chimneys which were 

substantially higher than that of the ambient. In chimneys I and II, the 

combustion gases and the air from the dryer were separated by a vertical wall. 

The air in the chimney was heated by the combustion gases by conduction, 

convection and radiation. In the case of chimneys III and IV, the combustion 

gases mixed directly with the air from inside the dryer. Typical results for the 

temperatures in the four chimneys are presented and discussed below. 

4.2.1 Chimney I 

Figures 12 and 13 show typical air temperatures in chimney I when the sawdust 

burner burns properly. In this case the annulus burns uniformly, produces 

maximum temperatures in the chimney and then gradually smolders. This burning 

process takes place over a period of about 3 hours. It is noted that the 

temperatures in the mid point of the chimney can reach 250 C and are 

significantly higher than the ambient temperatures throughout _ the burning 

period. 

Similar results are shown in Figure 14 but it is noted that the temperatures in 
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Figure 12. Air temperatures at various positions in the centreline of 
chimney I. 
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Figure 13. Air temperatures at various positions in the centreline 
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Figure 14. Air temperatures at various positions in the centreline of 
chimney I. 
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the chimney initially increases then remains constant for a short period before 

increasing again. This flat portion of the curve is attributed to the slowing 

down of the burning process. 

When chimney I does not burn uniformly in the annulus, typical temperatures in 

the chimney are as shown in Figures 15 to 17. Because the annulus is not 

uniformly lit, the sawdust burns at a slower rate, for about 8 hours. 

Temperatures between 30 and 50 C above the ambient can be expected for about 4 

hours out of this 8 hour period. 

Temperatures in chimney I are reasonably uniform as noted by the close values 

of T8 and T9 in, e.g., Figures 12, 13, 14 and 16. 

4.2.2 Chimney II 

Temperature variations in chimney II are similar to those for chimney I as 

shown in Figures 18 to 24 but the maximum temperatures for T8 are less that 180 C 

in this case. It is also noted that T8 and T9 are not close in values as is the 

case for chimney I. It would thus be expected that temperatures in chimney II are 

less uniform compared to those in chimney I. 

Figures 23 and 24 show results when the burner does not burn uniformly. In 

the case of Figure 23 it is possible that all the 8 burner holes did not burn as 

anticipated. These results illustrate the importance to ensure that the burners 

are properly lit. 

4.2.3 Chimney III 

The variation of temperatures in chimney III is different compared to those 

already presented for chimneys I and II. Figures 25 to 32 indicate that the 

temperatures in chimney III stay at about 50 C above the ambient for over 6 
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Figure 16. Air temperatures at various positions in the centreline of 
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Figure 17. Air temperatures at various positions in the centreline 
of chimney I. 
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Figure 18. Air temperatures at various positions in the centreline 
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Figure 19. Air temperatures at various positions in the centreline o: 
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Figure 20. Air temperatures at various positions in the centreline 
of chimney II. 
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Figure 21. Air temperatures at various positions in the centreline 
of chimney U. 
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Figure 22. Air temperatures at various positions in the centreline 
of chimney II. 
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Figure 23. Air temperatures at various positions in the centreline 
of chimney II. 
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Figure 24. Air temperatures at various positions in the centreline 
of chimney II. 
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hours on a single charge of sawdust. Temperatures in the chimney are reasonably 

uniform as indicated by the close values of T8 and Tg. Since chimney III can 

maintain air temperatures in the chimney at about 50 C above the ambient for 

long periods it appears suitable for improving air flow through the dryer. 

4.2.4 Chimney IV 

Air temperatures in chimney IV are shown in Figures 33 to 39. They have the 

same variation as results for chimney I and II. The temperatures are lower than 

those in chimney III and are maintained for a maximum of about 3 hours. 

4.2.5 Comparison of Chimney Temperatures 

Results presented indicate that chimneys I and IV, which burn the sawdust 

within an annulus, tend to burn rapidly; air temperatures in these chimneys are 

effectively down to ambient conditions in about 3 hours. On the other, hand 

chimney III gives temperatures about 50 C higher than ambient temperatures for 

about 6 hours. This chimney, in which the hot combustion gases from the B burner 

holes mix with the air from inside the dryer, seems to be the most suited, 

compared to the others, for use in improving air flow through natural convection 

dryers. 

The other chimneys should however not be considered ineffective. It has been 

shown by Oosthuizen and Bassey (1990) that the mean heating rate of the chimney 

has a much greater effect on the performance of the dryer than the heating 

pattern used. Thus it would be interesting to compare the performance of dryers 

with chimneys I and II, and the performance of dryers with chimneys III and IV. 
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Figure 27. Air temperatures at various positions in the centreline 
chimney III. 
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Figure 28. Temperatures at various positions in the centreline of chimney III. 
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Figure 29. Air temperatures at various positions in the centreline 
of chimney III. 
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Figure 30. Air temperatures at various positions on the centreline 
of chimney III. 
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Figure 31. Air temperatures at various positions in the centreline 
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Figure 32. Air temperatures at various positions in the centreline 
of chimney III. 
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Figure 33. Air temperatures at various positions in the centreline 
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Figure 34. Temperatures at various positions in the centreline of chimney IV. 
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Figure 35. Air temperatures at various positions in the centreline of chimney IV. 
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Figure 36. Air temperatures at various positions in the centreline 
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Figure 37. Air temperatures at various positions in the centreline 
of chimney IV. 
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Figure 38. Air temperatures at various positions in the centreline 
of chimney IV. 
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Figure 39. Air temperatures at various positions in the centreline 
of chimney IV. 
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4.3 Effect of Chimney Configuration on Drying Rate 

It is recalled that drying tests were carried out with dyers I and II using 

various chimneys. Figure 40 compares the dying curves for a dyer using the lm 

chimney I and that using no chimney. Similar results are shown in Figure 41 for 

the effect of chimney II. There is no significant improvement in the performance 

of the dyer by using chimneys I or II. This result is not surprising considering 

the temperature variations already discussed for chimneys I and II. They are 

noted to rise rapidly to a maximum and then drop rapidly. Thus the mean 

temperature rise in the chimney may not be high enough for a sufficient period to 

have a significant effect on the dying rates. Results shown in Figures 40 and 

41 can be expected, considering the fact that the chimney was only 1m high, and 

recalling studies by Bassey (1982b) and by Oosthuizen and Sherrif (1988), which 

showed that the dyer without a chimney performed better compared to that 

without a sufficiently heated chimney. 

Tne relative performance of chimney I and II is shown in Figure 42. Chimney I 

gives slightly faster dying rates since its temperatures are generally higher. 

The effect of chimney III on the performance of the dyer is shown in Figures 

43 and 44. Chimney III improves the mean dying rate of the dyer without 

chimney. This chimney is more effective in increasing the drying rate due to the 

higher chimney temperatures and the longer periods they are maintained, as 

discussed in section 4.2.5. 

These above-mentioned results for chimneys I, II and III are qualitatively in 

agreement with predicted results reported by Oosthuizen and Bassey (1990). It 

was shown that the dying rate depends on the rate of heat input to the chimney. 

It should also be noted that the chimney height for results shown in Figures 

40 to 44 was lm. Increasing the height to two meters can substantially improve 
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drying rates. Oosthuizen and Bassey (1990) have shown that increasing chimney 

height from lm to 2m can decrease drying times by about 25% (for chimney heating 

rates of 600 W/m) and by about 33% (for chimney heating rates of 200 W/m), for a 

mean insolation rate of 500 W/m2. This would indicate that the chimneys would 

have a significant effect on the drying rate provided the chimney is not less 

than two metres. 

4.4 Effect of Collector Air Gap Height on Drying Rate 

As mentioned earlier, tests were carried out using two collectors with 

different distances between the absorber plate and the transparent cover, 

attached to the two solar dryers. Dryers I and II were attached to the collectors 

with nominal air gap heights of 4 and 5 cm respectively. The air gap heights in 

the collectors at points 25 cm apart are shown in Figures 45 and 46. Due to the 

slight warp on the absorber surfaces these air gap heights for each collector 

were not uniform. 

The effect of air gap height on drying rates for dryers without chimneys is 

indicated in Figures 47 to 49. Since both dryers used were identical, it is noted 

that the 4 cm air gap significantly increases the mean drying rate of the rice. 

For example in Figure 47, dryer I with the 4 cm collector air gap attains a 

moisture content of about 22% over two hours earlier than the dryer with the 5 

cm collector air gap. Similar results in Figure 48 and 49 indicate that these 

observation are valid for insulated and uninsulated dryers. 

It is recalled that the effect of any of the heated chimneys is to increase, 

in some cases very slightly, the drying rate. However, results in Figures 50 to 

57 show that dryer I attached to the collector having the 4 cm air gap height but 

with no chimney, gives improved drying rates compared to dryer II which used 

chimneys I, II, III and IV, and was attached to the collector with the 5 cm air gap 
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Figure 45. Variation of air gap height in cm at various locations 
in the collector for dryer I. (Diagram shows plan 
view of the collector with rid points located 25 cm 
apart. Average air gap height 4.1 cm). 



- 65 - 

AIR OUTLET SIDE OF COLLECTOR CONNECTED TO DRYER 

4.5 

5.4 5.01 

AIR INLET SIDE OF COLLECTOR 

Figure 46. Variation of air gap height in cm at various locations 
in the collector for dryer II. (Diagram shows plan 
view of the collector with grid points located 25 cm 
apart. Average air gap height = 5.0 cm). 
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height. 

Chimneys I and II attached to dryer II with the 5 cm collector air gap height 

give slower drying rates than dryer I with the 4 cm collector air gap height, as 

shown in Figures 50 to 52. The use of chimney III on dryer II, in Figure 53 and 54, 

gives mean crying rates that are closer to results for dryer I, compared to 

results shown in Figures 50 to 52. When the height of chimney III is increased to 

2m for dryer II, Figure 55 shows that the effect of reducing the collector air 

gap to 4 cm is effectively the same as that using this chimney. 

Improvement in the drying rates due to the 4 cm air gap collector is again 

illustrated in Figure 56, when comparison is made with results for the dryer using 

chimney IV and the collector with the 5 cm air gap. Results in Figure 57 shows 

that increasing the height of chimney IV from one to two metres significantly 

lowers the drying rates. 

Apart from confirming that the collector with the 4 cm air gap increases the 

drying rate compared to the collector with the 5 cm air gap, the above results in 

Figures 53 to 57 also confirm that the 2m high chimneys III and IV significantly 

increases the mean drying rates compared to chimneys that are lm high. 

In order to verify the validity of these results regarding the effect of the 

collector air gap height, an order of magnitude analysis has been carried out in 

Appendix A based on discussions with Oosthuizen (1990). The analysis which is 

very approximate, assumes a constant collector area, developing flow in the 

collector and negligible buoyancy force in the collector compared to that in the 

drying chamber. The analysis shows that the mean drying rate dM/dt is 

approximately proportional to (1/G)2/3, where G is the air gap height. 

Recalling that dryers I and II used the 4 and 5 cm collector air gap heights 

respectively, eqns 30 and 32 derived from the analysis in Appendix A have been 

used to estimate mean drying rates and drying times for dryer II and the results 
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are shown in Table 2. 

Table 2. Comparison between mean drying rates and drying times obtained from 
experiments and order of magnitude analysis. 

Date dM/dtM dM/dtM dM/dte 

Dryer I Dryer II Dryer II 
A Tim A T2m A T2e 

Nov 4 1989 1.373 0.968 1.183 5.28 7.49 6.13 
Nov 22,1989 1.333 1.067 1.149 6.0 7.5 6.96 
Nov 29 1989 1.25 0.833 1.077 5.2 7.8 6.03 

A T1, A T2 denote drying time in dryers I and II respectively in 

hours. m denotes experimental results and a those obtained using eqns (34) and 
(36) in Appendix A. 

Results in Table 2 confirm that the mean drying rate is improved by reducing 

the collector air gap height. It is noted that the order of magnitude analysis 

gives drying rates for dryer II that are between 7 and 23% higher than the 

experimental values. Drying times obtained from the experiments are between 7 

and 23% higher than those given by the order of magnitude analysis. These 

differences are partly due to the various assumptions made in the analysis which 

leads to approximate results being obtained. It would be useful to carry out a 

rigorous analytical study of the effect of the air gap height on the dryer 

performance. 

4.5 Combined Effect of Air Gap Height and Heated Chimney 

Results show that substantially improved drying rates can be obtained by 

combining the effects of the reduced air gap height and the heated chimnev. A 

closer look at the results (Figures 58 to 60) indicate that, irrespective of the 

height of the chimney, the use of the 4 cm air gap collector and chimney IV 

appears to give faster drying rates compared to using chimney III with the 5 cm 
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air gap collector. 

A good illustration of the combined effect of reducing the air gap height and 

using a heated chimney is shown in Figure 61. In this case a 4 cm rice bed is 

reduced in moisture content by about 2% in 2 hours using the combination of 

chimney IV and the 4 cm air gap collector, whereas the dryer using the 5 cm air 

gap collector and without any chimney took 6 hours. 

Results in Figures 62 to 65 show that it is also possible to use a smaller 

collector air gap and a chimney with a lower rate of heat input to give drying 

rates comparable to that for dryers using short or tall chimneys with a higher 

rate of heat input. Implications of these results are the possible economy in 

the use of fuel sources by using collectors with a smaller air gap height. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

This study was aimed at investigating the effects of heated chimneys and air 

gap height of collectors on the performance of indirect natural convection solar 

dryers. 

Results indicate that the four chimneys using sawdust as the heat source 

produce temperatures in the chimneys that are significantly higher than ambient 

temperatures. Some of the conclusions which can be made are the following: 

1. Chimney I produces air temperatures which can reach 250 C within about an 

hour of the start of its operation. Temperatures greater than 50 C above 

ambient and which last for about two hours can be produced in the chimney. 

Chimney temperatures of between 30 C and 50 C above the ambient can be 

expected for 4 hours out of an eight hour burning period, when the burner 

burns slowly. 

2. Chimney II gives temperature variations that are similar to those for 

chimney I. However maximum temperatures in chimney II are about 180 C. 

Useful temperatures in the chimney last for about two hours. 

3. Temperatures in chimney III can be maintained at about 50 C above ambient 

for over 6 hours. 

4. The variation of temperatures in chimney IV with time is similar to that for 

chimney I and II. The magnitude of the temperatures are generally lower 

than those for the other chimneys. 

5. Temperatures in chimney I and III are more uniform than those in chimneys II 

and IV. 

The results of drying rates indicate that: 

a) Chimney I and II do not significantly improve drying rates compared to 
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dryers without chimneys. Chimney I however is slightly more effective than 

chimney II. 

b) Chimney III and IV appear to be the best suited chimneys for use with the 

dryers due to their higher working temperatures which last for long 

periods. 

c) Heated chimneys at least 2 metres in length should be used in order to 
improve drying rates significantly. 

d) The performance of dryers are appreciably improved by using collectors 

with smaller air gap heights. 

It is recommended that the following configuration be used to improve the 

performance of free convective dryers: 

# Chimney III or IV should be at least two metres high; 

the collector should not have an air gap height greater than 4 cm. 

More detailed analytical studies need to be carried out on the effect of 
reducing the collector air gap height in order to determine the optimum value for 
natural convection dryers. 
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APPENDIX A 

ORDER OF MAGNITUDE ANALYSIS FOR EFFECT OF COLLECTOR 

AIR GAP HEIGHT ON DRYING RATE 

Consider the schematic diagram for the indirect natural convection dryer shown 

in Figure A.1. If the pressure change across the collector is very small compared 

to that across the chamber of the dryer, then the pressure at the entrance to 

the collector P) is approximately equal to that at its exit, P2. Since points 1 and 

5 are at the inlet and outlet of the dryer respectively, the pressures at these 

points are equal to the ambient pressure Pa. 

Considering unit area of the collector, the pressure balance across the dryer 

therefore gives 

P2-P3+Fsc = 0 

Ud B 
P3 - P4 = 

Where 

K 

(1) 

(2) 

P2 = pressure at the exit of the collector 



-93- 

Figure A. i Diagram showing dimensions and various parameters 
of the indirect convection dryer. 
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P3 = pressure below the rice bed 

P4 = pressure above the rice bed 

Ud = air velocity through the rice bed 

B = thickness of the rice bed 

K = rice bed pressure drop coefficient. 

Noting that P2 = P4, adding eqns (1) and (2) gives 

U dB 
= FB C 

But since 

K 
(3) 

FBC = P09(Tc-Ta)H (4) 

eqn (3) becomes 

PP9(Tc-Ta) H 
Ud B 

= 
K 

Where 

TC = air temperature in the dryer chamber. 

(5) 

Eqn (5) then gives 
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_ P09r(TC T2) HK 
Ud 

B 

Using the continuity equation gives, 

Uco11 Wco11 G - Ud Wco11 Lc 

From which 

d C 
Uco11 

Using eqn (8), eqn (6) becomes 

U L 
G 

G PR9(Tc-T8) HK 
Uco11 L - B c 

and 

Uco11 - c 
(Tc - T8) K G 

(6) 

(7) 

(8) 

(9) 

(10) 
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Uco1l = C,- 
Lc 
G (Tc - Ta) 

The efficiency of the collector is given by an equation of the form 

Bl (Tp - Ta ) 

where A, and B, are constants and I = instantaneous solar radiation intensity. 

The heat balance for the heat gained by the collector and heat transfered to 

the air gives 

Using eqns (12) and (13), 

Assuming tj and h are small, 

nI = h(Tp - Ta) 

11 
B Ah (14) 

Bl+h 

The heat transfer rate in the collector is given by 
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h = C2 h 
B1 

NL 

RL1/2 
C 

Using the length of the collector as the characteristic length, eqn (16) becomes 

h 

and 

P Uco11 Lco11 ) 1/2 

µ 

U 1 h = C (-P-) 2 k ( c011) 
21 

= C3 ( Uco1Z ) 2 

µ Lco1Z Lco11 

Assuming no heat is transfered from the chamber walls 

Al Cp (Tc - T8) = Tj I Aco11 

Then 
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(20) Tc - Ta 8 
IAco11 11 = C TI 

P Cp UcollGwcoll 4 Uco1lGWco11 

Using eqns 11 and 20 gives 

From which 

G 11 

Uco11 C1Lc 
C* 

Uco11 Gwao11 

UC011 = C1CAI 
Lc 

G2 Wco11 

Using eqn (15) in (22) 

Lc C2h 
Uco11 = Ci C4 

G2 w co11 

(21) 

(22) 

(23) 

Using eqn (18) and substituting for h in eqn (23) 
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L 
1 

U r co11 
U co11 2-- Ci C, C-4 Ca 

c 2 (24) 
2 

L G wCO11 coil 

The velocity in the collector is therefore given by 

3 

U o11 = C5 

But since 

LC 

2 2 G Lco11 

Aco11 = Wco11 Lco11 = Wco11 Lc 

then 

Lco11 
Aco11 

Wco11 

(25) 

(26) 

(27) 

Equation (25) can therefore be written as 
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3 
Aco11 

1 
U O' 11 - G5 

2 2 2 G wco11 Lco11 

* Lco11 
Uco11 _ 

`"7 a 

G3 

dM a 
B 

h I Aco11 

Now, the drying rate depends on the product 4TAco11 . Thus 

(28) 

(30) 

(31) 

Using eqn (le) in (31) 



1 dM 1 
A Uco11 a A L 2 

d t OL 

B 
C3 L ) IAco11 = B IAC011 C3 (C7 

4coZ1 
) 

co11 
G 3 

Lco11 

(32) 

Therefore 

(33) 

G3 

Using eqn (33) to compare the drying rates for two values of G gives 



- 102 - 

d )1 
(34) 

For the same change in moisture content in dryers I and II equation (34) can be 

written as 

AM 

AM a Ti 

A&T2 (G 2 
2 ) 3 

G1 

where uit and "sZ denote the drying times in the dryers. 

From which 

2 

AT2 = (G2) !,&T l 
G1 

(35) 

(36) 

Experimental moisture content results in Figures 47 to 49 give the effect of the 
height of the collector air gap on the mean drying rate. Using eqn (34) the mean 

drying rates for dryer II have been deduced and compared in Table 2 to the 
experimental values, noting that G, = 4 cm (for dryer I) and G2 = 5 cm (for dryer 
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ID. Equation (36) has also been used to compare the experimental and deduced 

drying times for dryer II and results are shown in Table 2. 


