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experiments, four solar air heaters with different air gap heights were designed and
built. Each heater was 200 cm in length and 50 cm in width. The studied air gap heights
were 3, 5, 7, and 9cm. The results showed that the highest air temperature difference
was found for air gap height of 3 cm, i.e. 57.5 °C. An air gap of 3 cm resulted in highest
air outlet temperature for all studied period. The highest mass flowrate, which
consequently highest heat gain, was 9.0 g/s at 9cm and 13:00. The high mass flowrate
resulted in high efficiency, i.e. 57.3% at 9 cm and 10:00. Both air mass flowrate and
solar air heater efficiency showed insignificant increments as the air gap height
exceeded 5cm.
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1. Introduction

The global warming issue and the shortage in conventional energy resources have encouraged
researchers to utilize the renewable energy resources to fulfill the growing demand for energy. The
thermal solar energy is a crucial sector in renewable energy field. Numerous thermal solar energy
applications have been studied and produced for heating, drying, power generation, and cooling [1-
11]. Solar collectors are widely studied for heating purpose. One of the important design parameters
of solar air heaters is the air gap height between the cover glazing and absorber plate. The importance
of the air gap height comes from its impact on the amount of heat transfer from the absorber to the
heated air. Keep in mind that the eventual goal of solar air heater is to produce hottest air with higher
mass flowrate of the air flowing through the solar air heater. Many researchers based their solar air
heater designs on a single air gap such as Singh et al., [12] who used 10.2 cm and Pakdaman et al,,
[13] who used 5.5 cm. Also, single air gap height was used in different solar dryers such as Lingayat
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et al., [14] who used 10 cm, and Zoukit et al., [15] who used 5 cm. The discrepancy between different
air gap heights has raised the need to optimize the height of the air gap in solar air heaters. Macedo
and Altemani [16] optimized the air gap between the cover glazing and the absorber plate. The
authors concluded that an air gap between 9 cm to 11 cm achieved better performance. Nahar and
Garg [17] concluded that an air gap between 4 cm to 5 cm achieved minimum convection heat losses.
Bassey et al., [18] experimentally studied the effect of gap space on the performance of a solar dryer.
Two gaps were studied by Bassey et al., [18], i.e. 4 cm and 5 cm. With the 4-cm gap height, the
performance of the dryer was improved. Subiantoro and Ooi [19] recommended a range of 1 and 1.1
cm of air gap height to gain better performance of a solar collector. To find the optimum air gap
height for a solar water heater, Nahar and Gupta [20] experimentally studied three air gap heights,
i.e. 2.5, 5, and 15 cm. The authors found that the 5-cm gap achieved the highest overall efficiency,
i.e. 57.8%, compared to the other two studied gaps, 52.5% for 2.5 cm and 54.1% for 12.5 cm.

A review in published literature regarding the air gap height between the cover glazing and
absorber flat plate of natural convection solar air heater reveals that no air gap height has been
confirmed as an optimum air gap height. The air gap spacing is important design parameter to obtain
highest exit air temperature and flowrate. The exit air temperature and flowrate are important
parameters in the ventilation, drying, and up drafting solar chimney. Therefore, the present
experimental study aims to find an optimum air gap height for a solar air heater.

2. Experimental Methodology

The experimental methodology in the present investigation includes the experimental apparatus
and measurement equipment in addition to data analyzing and uncertainty.

2.1 Experimental Apparatus and Measurement Equipment

An experimental study was performed to investigate the optimum air gap height of a solar air
heater. The experimental investigation was performed in Tikrit-Iraq (34°40' N 43°39' E). For the sake
of comparison, four identical inclined flat solar collectors were designed and built as shown in Figure
1. Each collector was 200 cm in length and 50 cm in width. However, the air gap height for each
collector was 3, 5, 7, and 9 cm. The collector inclination angle was 40° [21,22] . The absorber was
made of aluminium coated with matte black colour (¢ = 0.97) [23]. The cover of the collector was a
4-mm thick transparent glass. At the top of the collector, a chimney made of black plastic was fixed.
The chimney inner diameter was 5.3 cm, the outer diameter was 6.0 cm, and the height was 25 cm.
Calibrated K-Type thermocouples, with diameter of 0.5 mm, were used to measure the temperature
in eight different locations; at the entrance of the solar air heater, the absorber, the glass, and at the
exit of the solar air heater. The temperature measurements were read using data logger type Applent
AT4808 with accuracy of 1.0 °C. The velocity of air leaving the collector was measured using
BENETECH GMS8 16C anemometer with accuracy of 0.1 m/s. The solar radiation was measured using
DAYSTAR DS-05 meter with accuracy of +1.0 W/m?2. The uncertainties and relative errors of the
experimental equipment are tubulated in Table 1.
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Fig. 1. Experimental setup (a) a photo, (b) a schematic diagram (dimensions in cm)

2.2. Data Analyzing and Uncertainty

The collected measurements; i.e. inlet and outlet air temperature, the glass temperature, the
absorber plate temperature, the air mass flowrate, and the solar intensity; were applied to calculate
the thermal behaviour of the solar air heater. The thermal calculations included the mean heat
transfer coefficient

h=—@ (1)

Ap (Tp—Tp)

where Q is the useful heat gained by air, A, is the absorber plate area, T, is the absorber plate

temperature, and T}, is the air bulk temperature which was calculated according to the method used
in [24].
The useful heat gained by air flowing through the solar air heater could be calculated from

Q=pVA Cp(To —T) (2)

where p is the air density, V' is the air velocity, A, is the cross-section area of the chimney, ¢, is the
air specific heat at constant pressure, T, is the leaving air temperature, and T; is the entering air
temperature. The total heat losses Q; from the solar air heater are sum of convection heat loss Q.
and radiation heat loss Q, which can be calculated from

QL=0Qc+0Qr= h A (Tp - Tamb) +¢€ O'AS(T; - chmb) (3)
where h is the convection heat transfer coefficient, A; is solar air heater surface area, T,y is the

ambient temperature, € is the emissivity of the absorber plate, and ¢ is the Stefan—Boltzmann

constant. The convection heat transfer coefficient was determined based on the following correlation
[25].

h == (0.664 Re'/2 Pr'/3) (4)
14

where k is the air thermal conductivity, L, is the solar air heater length, Re is the Reynolds number
(Vamb Lp/v), and Pr is the Prandtl number (v/a).
The thermal efficiency of the solar air heater can be defined as [26]
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m= T (5)

where [ is the solar intensity.
From the calculated heat transfer coefficient in Eq. (1), the Nusselt number Nu is found from

| =

Nu = (6)

&
%)

where s is the air gap height.
The Rayleigh number Ra is determined from

_ g B(Tp=Tp) s3
==

Ra Pr (7)
where g is the gravity acceleration, [ is the air coefficient of thermal expansion, and v is the air
kinematic viscosity.

To estimate the uncertainty of considered measured or calculated parameters besides the
dimensionless numbers, Kline and McClintock method was used [27]. Based on this method, if a
result R; which includes measured, calculated, and dimensionless parameters; is a function of n
number of independent variables,

R =R(x1,X3,...,%3) (8)

Then the uncertainty in the result R is Wy, and the uncertainties in the independent variables are
Wi, W,, ..., and W,,. The uncertainty in the result Wy could be calculated from

1

W, = [(;_; W) + (2 W) 4+ (= Wn)zr 9)

The calculated uncertainties and relative errors of Eq. (1)-(7) are tabulated in Table 1.

Table 1

Uncertainty and relative errors analysis

Parameter Uncertainty + Relative error%
Temperature (°C) 1.0 0.91
Air velocity (m/s) 0.1 6.45
Solar intensity (W/m?) 1.0 0.100
Useful heat gained (W) 16.4 7.82
Mean convection heat transfer 0.3 7.63
coefficient (W/m? K)

Reynolds number 11188.8 2.21
Convection heat transfer coefficient 0.06 1.11
(W/m?K)

Total heat losses 7.94 0.66
thermal efficiency 0.016 0.03
Nusselt number 0.00057 0.01
Rayleigh number 61808.7 2.18
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3. Results

The optimum height of an air gap in a rectangular solar heater was experimentally investigated
in the present study. Four identical solar heaters were studied with different air gap heights for each
heater. The studied air gap heights were 3, 5, 7, and 9 cm.

Figure 2 shows the average solar intensity and the ambient temperature through the tested
period. The solar intensity increased as the sun moved toward its highest point in the sky. As the sun
reaches its highest point, the solar intensity reaches its peak value. Then the solar intensity decreases
as the sun moves away from its highest location in the sky. The strength of the solar intensity directly
affects the thermal performance of the solar air heater. The ambient temperature increased during
the tested period. The increase in the ambient temperature is beneficial to the thermal performance
of solar air heater. With increasing the ambient temperature, the inlet air temperature increases,
and the heat losses decrease from the solar air heater to its surrounding.
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Fig. 2. Solar intensity and ambient temperature through the
tested period

Figure 3 shows the total heat losses from the solar air collector through the tested period. The
total heat losses were low at the beginning of the test when the solar intensity was low. Then the
total heat losses increased as the solar intensity and the solar air heater temperature increased. After
13:00, the heat losses decreased due to the reduction in the solar intensity and the increase in the
ambient air temperature [28]. The total heat losses had a direct impact on the temperature of
different components of the solar air heater and its efficiency.

Before reporting the results and discussing them, it is worthy to point out that as the air gap
height decreases, the volume of air inside the gap decreases. Also, all the solar air heaters were
exposed to the same amount of solar intensity value. As a result, the solar air heater with the
narrowest air gap would be heated up more than the ones with wider air gaps.

Figure 4 shows the temperature at the centre of the absorber plate through the tested period for
the four studied air gap heights; i.e. s= 3, 5, 7, and 9 cm; and at 13:00 for all studied air gap heights.
13:00 was selected because it corresponded to the highest solar intensity. As can be seen in Figure
4(a), the highest temperature at the centre was noticed for the narrowest air gap, i.e. s= 3cm, which
was 110 °C at 12:00. The high temperature of the absorber plate reveals that the flowing air above it
was heated more compared to that in the other studied air gap heights. The impact of the air gap
height on the temperature at the centre of the absorber plate at 13:00 is shown in Figure 4(b) for the
four studied air gap heights. As the air gap height increased, the temperature of the centre of the

322



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 59, Issue 2 (2019) 318-329

absorber plate decreased. The reduction in the absorber temperature reduced the heating ability of
the absorber plate. As a result, the temperature of the air leaving the solar air heater was less. The
rate of decreasing the temperature at the centre of the absorber plate decreased as the air gap height
reached 7cm.
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Fig. 3. Total heat losses from the solar air heater
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Fig. 4. The temperature at the centre of the absorber plate (a)
through the tested period, (b) at 13:00
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Figure 5 shows the glass cover temperature through the tested period for the four studied air gap
heights; i.e. s= 3, 5, 7, and 9 cm; and at 13:00 for all studied air gap heights. The highest measured
temperature of the glass was for the narrowest gap, i.e. s= 3cm, which was 46 °C at 13:00, Figure
5(a). As was aforementioned, the volume of the heated air inside the gap is lowest for the narrowest
air gap. Therefore, the solar air heater components, i.e. absorber plate and glass, heated up more
than the those for wider gaps. The advantage of the high temperature of the glass is to heat up the
air flowing below it. As a result, the temperature of air leaving the solar air heater became higher.
The impact of air gap height on the glass temperature is shown in Figure 5(b). The glass temperature
decreased with increasing the air gap height. Although the reduction in the glass temperature
reduced the heat loss from the solar air heater, the leaving air temperature was low.
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Fig. 5. Glass temperature (a) through the tested period, (b) at 13:00

Figure 6 shows the effect of the air gap height on the air temperature difference, i.e. AT= To-T;,
through the tested period for the four studied air gap heights; i.e. s= 3, 5, 7, and 9 cm; and at 13:00
for all studied air gap heights. Similar trend of all profiles of the studied air gap heights was observed.
The temperature difference increased with increasing the solar intensity. Then a plateau-behaviour
of the air temperature difference from 10:00 to 13:00 was observed. The average temperature
difference through this period was 56 °C. A thermal balance was reached at this point. When the sun
moved away from its peak point, the temperature difference profile started to drop, first sharply
then gradually, due to the reduction in solar intensity. As shown in Figure 4 and 5, the absorber plate
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and the glass temperatures for the narrowest gap were the highest in comparison with the other
studied air gaps. The high temperatures of both the absorber plate and the glass temperatures;
besides, the small air volume for the narrowest air gap, led to a higher temperature for the air leaving
the solar air heater, Figure 6. In addition, in the narrow air gap, conduction heat transfer mode has
an influence on the heat transfer from the absorber plate to the flowing air above it. Figure 6(b)
shows that the highest air temperature difference at 13:00 was 54 °C. Then the air temperature
difference linearly dropped. Figure 6(b) reveals that further increasing in air gap height decreases the
temperature of the air leaving the solar air heater.

Figure 7 shows the air mass flowrate through the tested period for the four studied air gap
heights; i.e. s= 3, 5, 7, and 9 cm; and at 13:00 for all studied air gap heights. From Figure 7(a), it can
be noticed that the air mass flowrate increased with time until it reached its highest values at 13:00
with increasing the solar intensity, Figure 2. Then as the solar intensity decreased, the air mass
flowrate decreased. The highest observed mass flowrate was 9.0 g/s at 13:00. The high mass flowrate
assists to supply more hot air in shorter time. From Figure 7(a), it could be noticed that as the air gap
height increased, the air mass flowrate increased. However, the rate of increasing in the mass
flowrate decreased as the air gap height exceeded 5cm. Figure 7(b) confirms that the rate of
increasing the mass flowrate decreased with increasing the air gap height.
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Fig. 6. Air temperature difference (a) through the tested period, (b)
at 13:00
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Fig. 7. Air mass flowrate and outlet velocity (a) through the tested
period, (b) at 13:00

Figure 8 shows the effect of the air gap height on the solar air heater efficiency through the tested
period for the four studied air gap heights; i.e.s= 3,5, 7, and 9 cm; and at 13:00 for all studied air gap
heights. The efficiency increased with time as the solar intensity increased. However, the efficiency
decreased with decreasing the solar intensity and increasing the heat losses from the solar air heater.
The highest efficiency was found for the solar air heater with air gap of 9cm, i.e. 57.3% at 10:00.
Beyond 5cm, increasing the air gap height had insignificant impact on the solar air heater. Figure 8(b)
shows the impact of air gap height on the solar air heater efficiency at 13:00. Again, the solar air
heater with air gap height of 9cm had the highest efficiency compared to the other studied air gap
heights, i.e. 42.4%. Figure 8(b) confirms that any increasing in the air gap height has insignificant
impact on the solar air heater efficiency.

Figure 9 shows the overall average Nusselt number Nu versus Rayleigh number Ra for the four
studied air gap heights, i.e. s= 3, 5, 7, and 9 cm. Nu increases with increasing Ra due to the increasing
in buoyancy force [29]. It can be noticed from Figure 9 that the lowest Nu values were for the
narrowest air gap, i.e. s= 3cm; while, the highest Nu values were for the widest air gap, i.e. s= 9cm.
The narrow space, where the air moves through it, and the low Ra associated with it resulted in lower
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Nu values. As the air gap height increased, the viscous force overcame the buoyancy force [28]. The
low values of Nu reveal that conduction had an impact on the heat transferred to the air in the gap.
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Fig. 8. Efficiency of the solar air heater (a) through the tested period, (b) at 13:00
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From aforementioned results and discussion, it can be noticed that the small air gaps, i.e. less
than 5cm, were associated with high air temperature difference. While, for air gap heights more than
5cm, the leaving air mass flowrate and efficiency were higher. However, beyond 5cm, both the air
mass flowrate efficiencies increments were insignificant. A similar behaviour was noticed by Macedo
and Altemani [16].

4, Conclusions

In the present study, an experimental investigation was conducted to find an optimum air gap
height in solar air heater. To perform the experiments, four identical solar heaters were built.
However, each heater had a different air gap height, i.e. s= 3, 5, 7, and 9cm. The temperatures of the
inlet and outlet air, the absorber plate, the heater glass cover besides the solar intensity and the air
velocity leaving the solar air heater were utilized to study the thermal performance of the
investigated solar air heaters. Through the measured and calculated parameters, it was found that
the air gap of 3cm-height had shown the highest air temperature difference compared to the other
studied air gap heights. The average air temperature difference was 56 °C. In other words, the highest
air temperature at the outlet was gained at the outlet of solar air heater of 3-cm gap height. The air
gap of 9cm-height had shown the highest mass flowrate, i.e. 9.0 g/s at 13:00, which increased the
heat gained by the flowing air through the solar air heater. The high heat gain resulted in high
efficiency of the solar air heater at 9cm air gap height, i.e. 57.3% at 10:00, compared to other studied
air gap heights. However, the air mass flowrate and efficiency increasing beyond 5cm was
insignificant. The heat transfer through convection was higher for wider air gap heights.
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