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ABSTRACT The performance of a flat plate solar air heater operating under natural convection was
considered. A theoretical model was proposed and validated experimentally. The 2 m long x 0.5 m
wide x 0.16m deep experimental model was fabricated using aluminium sheets and painted matt black
and provided with a top glass sheet. Sides and rear insulation was 50 mm thick rock wool. Tests were
conducted at varying tilt angles. Surface temperatures of the heat absorbing wall and glass cover and
the air temperature and induced air velocity in the flow channel were measured and compared with
predicted values. Satisfactory agreement was obtained between predicted and experimental results.

1. INTRODUCTION

Various theoretical models have been presented on solar air heaters for crop drying under forced
circulation. For example, Vijeysendera et al. (1982), Biondi et al. (1988), Parker et al. (1993), Bala and
Woods (1994), Ong (1995). However, there are very few reports on natural convection. The present
mathematical model would attempt to predict mean surface temperatures of the heat absorbing wall
and glass cover and temperature and velocity of the induced air flow in the natural convection solar air
heater.

2. MATHEMATICAL MODEL

The air heater shown in Figure 1 consists of a blackened collector plate insulated at the bottom and
covered by a transparent glass sheet on top. The channel between the absorber plate and glass cover
forms an open-ended duct through which air could flow in between. Solar energy (H) absorbed by the
collector plate (S,) heats up the air in the channel and the hot air rises to the top. Inlet air temperature
(Ts), assumed equal to ambient temperature (T,) exits at the outlet temperature (Ty,). The glass cover
is assumed thin and with high thermal conductivity such that its temperature (T,) is assumed uniform
throughout its thickness. The solar collector is assumed thin at a temperature (Ty;). The plate is
insulated and the bottom temperature of the casing is at a temperature (T,,). One-dimensional heat
flow (along the length of the collector) is assumed and all temperatures are assumed uniform across
the width of the solar air heater. Heat capacity effects are assumed negligible and glass and collector
temperatures are assumed uniform throughout.

Following the solar chimney model by Ong and Chow (2003), the heat balance from the thermal
network shown in Figure 2 results in the following mean temperature matrix:
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Figure 1. Longitudinal section of solar air heater. Figure 2. Thermal network for heat flow.
The axial mean air temperature was experimentally determined to follow the non-linear form:
Tr=yTp+0-1Tg )

with y = 0.8.
Considering free convection and equating the buoyancy force (driving force due to the temperature

increase between inlet and outlet of the solar air heater) to the sum of all flow pressure losses between
inlet and outlet, the air mass flow rate was obtained from

m=piA\/%\/gLSin0w (5)

The equivalent friction factor is given by

2 2
fo =K, +(ﬁJ K, +f%(ﬁj 6)

where for laminar flow
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The radiation heat transfer coefficient from the top glass surface to the sky referred to the ambient
temperature may be obtained from

hyy =08 o (Tg + T )(TE + T )Ty =T )Ty —T,)
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The sky temperature is given by Swinbank (1963) as
T, = 0055272 )
The convection heat transfer due to wind is given by McAdams (1994) as

B go= o =57 +38 thy0q (10)

The radiation heat transfer coefficient between plate and glass cover may be obtained from

By = 0(TE + T3 )(Tg + Ty (Vg +1/e,, —1) (11)
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Hollands (1976) recommended for inclined plates the average heat transfer coefficient
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for tilt angles of 0° to 75° (0 is set to 75° for tilt angle of 90°). The terms denoted by the exponent “+” in
the square brackets are taken as zero when negative. The coefficients hg and h,; are assumed equal
and calculated from the above equation. All property values are evaluated at average surface — air
temperatures 0.5(T,; + Ty) and 0.5(T, + T;), respectively.

The solar radiation heat flux absorbed by the glass cover is given by

Sl =01 H (1 3)
and the solar radiation heat flux absorbed by the blackened plate by

S2 =‘[O!2H (14)

3. EXPERIMENTAL INVESTIGATION

The south facing 2.05 m long x 0.5 m wide x 0.16 m deep experimental model was fabricated from 1.2
mm thick aluminium sheet painted matt black and covered with a 5 mm thick transparent glass sheet
leaving an air gap 0.4 m wide x 0.11 m deep between the absorber and the glass. Insulation was 50
mm thick rock wool. Copper-constantan thermocouples were employed to measure temperatures at 4
points along the surface of the heat absorbing wall, 3 points on the glass surface and 7 points along
and in the middle of the air gap. A hot wire anemometer was used to measure the induced air velocity
in the air gap near the outlet section. Instantaneous solar radiation was measured by a Kipp and
Zonen solarimeter placed on the glass surface Experiments were conducted at various tilt angles from
20° to 90°.

In the tropics, because of the highly fluctuating nature of solar radiation, it is very difficult to obtain
near-steady radiation. Hence instantaneous solar radiation and temperatures were recorded at one-
minute intervals and plotted continuously over a period of 2 hours. “Quasi-steady” conditions were
assumed when solar radiation did not fluctuate by more than 50 W m over a five-minute duration.
Once this condition was established, all the data recorded over the five-minute interval were averaged
to represent the “steady” value of each parameter concerned.

Preliminary observations showed that the temperature distributions across the width of the glass
surface and of the absorber plate were uniform to within + 1°C. The temperature distribution of the air
in the duct between the glass and the absorber surfaces was uniform to within + 1.5°C. The air flow
velocity fluctuated over a wide range, by as much as + 30% owing to wind factor.

A typical set of axial temperature distribution for the glass and wall surfaces and the air flow is shown
in Figure 3 for a tilt angle of 60° and at a radiation level of 800 W m2. All the temperatures were
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observed to increase non-linearly as we progressed along the air heater. Also, they exhibited a
tendency to decrease near to the outlet of the air heater. This tendency was attributed to end cooling
effects and mixing of the outgoing hot air with the ambient air due to recirculation. The glass surface
exhibited quite a uniform temperature profile and a uniform mean glass temperature could be assumed
and calculated using the arithmetic average of the three temperature probes. The variation was found
to be about + 2.5°C from inlet to outlet. Quadratic equations were fitted to the data obtained for the
wall and air temperatures. Bulk mean temperature values for wall and air were obtained by integrating
the equations obtained over the length of the air heater. A correction was applied in the case of the
last air temperature data. The temperature value here was taken to be equal to the previous probe
temperature. From Figure 4 it could be seen that mean temperatures were about 69° + 6°C for wall,
44° + 5°C for both air for glass. It was generally observed that the temperature difference between air
and glass was very small and that the wall temperature was always higher than the air or glass
temperature throughout the length of the air heater.
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Figure 3. Air, glass and wall temperatures along solar air heater (60° tilt, H = 800 W m).

A typical plot of mean glass, wall and air temperatures, outlet air temperature, outlet air flow velocity
and instantaneous efficiency against solar radiation is shown in Figure 4 for a 20° tilt angle. Results
were non-dimensionalised with the ambient temperature in order to minimize the effects of varying
inlet air temperature. Absolute temperatures in °C were employed. Linear regression was adopted to
obtain the best lines to represent the variation of temperature versus solar radiation as shown. It was
observed that all the variables plotted increased with incident solar radiation. Wall temperature was
higher than glass or air temperatures. Glass temperature was observed to be lower than air
temperature initially and at low radiation levels. At higher radiation glass temperature was higher than
air temperature. At 90° tilt, glass temperature was always higher than air. This indicated that the air
flow in the duct was non-symmetrical and that the air was initially heated up by the heat absorbing wall
and then transferred some heat to the glass as it flowed upwards.

Figure 5 shows the predicted wall, glass and air temperatures as well as the outlet velocity at 550 W
m™ for the various tilt angles. An ambient temperature of 30°C was employed to obtain absolute rather
than temperature ratio for comparison. The results showed that the inclination of the heater did not
have much of an effect on the performance. The effects could also have been clouded by the small
differences in temperatures experienced and the widely fluctuating nature of the flow due to solar
intensity and wind conditions. We would expect a higher velocity with larger tilt angles because of the
longer vertical distance between the inlet and outlet of the collector giving rise to a greater driving
buoyancy force.
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Figure 4. Wall, glass and air temperatures and outlet air flow velocity vs solar radiation (20° tilt angle).
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Comparison of the experimental and predicted results in Figure 6 for the various tilt angles at a solar
radiation level of 550 W m™ showed that:

(i) Glass temperatures were over-predicted by about 10°C.

(ii) Wall temperatures were over-predicted by about 30°C.

(iii) Mean air temperature was quite well-predicted to within 2 - 5°C.
(iv) Air flow velocity was quite well-predicted to about + 0.17 ms™.

Considering that the measured air flow rate fluctuated by as much as + 30%, the difference between
experimental and predicted values of about + 10% could be considered satisfactory. Satisfactory
comparison for mean air flow temperature was also obtained. However, the comparisons for glass and
wall temperatures were not good. The over-prediction for these temperatures could be partially due to
the heat transfer correlations employed.

Figure 6 compares the experimental results with predicted results using 5 times the normal heat
transfer coefficient values between the solid surfaces and the air stream. It could be seen that the
predicted wall surface temperature was lowered by as much as 20°C, the glass temperature lowered
by 6°C and the air temperature increased by 3°C. The velocity increased by about 0.1 m s” All these
point to a closer agreement between experimental data and prediction.
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Figure 6. Experimental and theoretical results with 5 x Nusselt number.

4. CONCLUSIONS

A theoretical model of a natural convection solar air heater has been proposed. An experimental
investigation was also conducted to compare with predicted results. Satisfactory agreement was
obtained between predicted and experimental results for the air flow temperature and velocity. Wall
and glass temperatures were over predicted.

ACKNOWLEDGEMENTS

The experimental data was obtained by Tan (2002) as part of her BEng graduation exercise in the
Mechanical Engineering Dept of Monash University Malaysia.



A theoretical model of a natural convection solar air heater. Ong

REFERENCES

Bala B. K. and Woods J. L. (1994), Simulation of the indirect natural convection solar drying of rough
rice. Solar Energy, 53, 259-266.

Biondi P., Cicala L. and Farina G. (1988), Performance analysis of solar air heaters of conventional
design, Solar Energy, 41, 101-107.

Hollands K. G. T., Unny T. E., Raithby G. R. and Konicek L. (1976), Free convective heat transfer
across inclined air layers, Trans ASME, J. Heat Transfer, 98, 189-193.

McAdams, W. H. (1994), Heat Transmission, 3 Ed., McGraw-Hill, New York.
Ong K. S. and Chow C. C. (2003), Performance of a solar chimney, Solar Energy, 74, 1-17.

Ong K. S. (1995), Thermal performance of solar air heaters: Mathematical model and solution
procedure, Solar Energy, 55, 93-109.

Parker B. F., Lindley M. R., Colliver D. G. and Murphy W. E. (1993), Thermal performance of three
solar air heaters. Solar Energy, 51, 467-479.

Swinbank, W. C. (1963), Long-wave radiation from clear skies, Q. J. R. Meteoro. Soc., 89, 339.

Tan T. T. (2002), Effect of inclination on the performance of a natural convection solar air heater, Final
Year Mechanical Engineering Thesis, Monash University Malaysia.

Vijeysendera N. E., Lee L. A. and Lim E. K. (1982), Thermal performance study of two-pass solar air
heaters, Solar Energy, 28, 363-370.



A theoretical model of a natural convection solar air heater. Ong

vig Tee Ambient
< B Sky
574 T-e

//\\\\ Air flov M
,H\\ \Tfn/(
-
N

Insulation kins

Glass \ i Absorber plate

Airflow channel

Figure 1. Longitudinal section of solar air heater



A theoretical model of a natural convection solar air heater. Ong

T.=0.552 Ta'®

S1=C(1H

1Nug

AXins/ kins

1/h

Figure 2. Thermal network for heat flow

10



A theoretical model of a natural convection solar air heater.

8
; m

6 ,7‘/1';:12.77% +34.79x + 51.80 |
5

4 glas

D Z
/

Temperature (°C)
w

Ti=-5.26x"+15.17x +

0.0 0.2 0.5 0.7 1.0 1.2

Distance from inlet, x

2.0

Figure 3. Air, glass and wall temperatures along solar air heater (60° tilt, H = 800 W m)

11

Ong

T



A theoretical model of a natural convection solar air heater. Ong

4.0 80

3.5 70

3.0 60
25 n . : : 50
- * ] * | ES
9o *\*‘ . (‘S/ ®
£ 20 TuTa A 0 ER
o e B 5=
% 15 Tfo/Ta \ X : o g8 ”“’:/ 30
o 8"
£
2 10 TiTa 20

T/Ta
0.5 Uo " " 10
‘ h g - x X * x
0.0 0
0 200 400 600 800 1000 1200

Solar radiation, H (W m™)

Figure 4. Wall, glass and air temperatures and outlet air flow velocity vs solar radiation (20° tilt angle).
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Figure 5. Experimental and theoretical results compared (H = 550 W m?, T, = 30°C).
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Figure 6. Experimental and theoretical results with 5 x Nusselt number (H = 550 W m, T, = 30°C).
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