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The thermal performances of three slit-glazed solar air heaters (SGSAHs) were investigated experimentally. Three SGSAHs with
different bed heights (7 cm, 5 cm, and 3 cm) were fabricated with multiple glass panes used for glazing. The length, width, and
thickness of each pane were 154 cm, 6 cm, and 0.4 cm, respectively. Ambient air was continuously withdrawn through the gaps
between the glass panes by fans. The experiments were conducted for four different gap distances between the glass panes
(0.5mm, 1mm, 2mm, and 3mm) and the air mass flow rate was varied between 0.014 kg/s and 0.057 kg/s. The effects of air
mass flux on the outlet temperature and thermal efficiency were studied. For the SGSAH with bed height of 7 cm and glass pane
gap distance of 0.5mm, the highest efficiency was obtained as 82% at a mass flow rate of 0.057 kg/s and the air temperature
difference between the inlet and the outlet (ΔT) was maximum (27°C) when the mass flow rate was least. The results
demonstrate that for lower mass flow rates and larger gaps, the performance of SGSAH with a bed height of 3 cm was better
compared to that of others. However, for higher mass flow rates, the SGSAH with 7 cm bed height performed better.

1. Introduction

Solar air heater (SAH) is a device which utilizes solar energy
to heat air. For instance, they are used in space heating and
drying crops in agriculture and in the industries. The collec-
tors of SAHs can be divided into two main categories as
unglazed transpired collector (UTC) and glazed untranspired
collector (GUC). A conventional SAH is a GUC which has
low thermal efficiency owing to high thermal losses from
glazing along with low heat transfer coefficient between air
and the absorber plate. Several studies have been undertaken
in order to improve thermal efficiencies of SAHs where the
main aim is to increase the convective heat transfer between
the absorber plates and the working fluid while trying to min-
imize heat loss from the collectors. In order to decrease the
heat loss from glazing, several studies have been performed
with double glazing and different air mass flow rates.

The results of experimental and numerical investigations
show that heat transfer enhancement is achieved by employ-
ing baffled double-pass procedures with external recycling

and fins attached on both sides of the absorber plate [1].
The thermal efficiency of a double-pass GUC with fins
packed with wire mesh, instead of an absorber plate, is found
to be higher than the single pass by 7–19.4% [2]. The results
of a double-pass GUC, designed and constructed by Wazed
et al. [3], with forced and natural air flows demonstrate that
the maximum temperature rise for forced circulation is
12.25°C and 8.5°C for natural circulation. The effects of dif-
ferent glazing materials (double glass, single glass, and poly-
methyl methacrylate) on the performance of a collector
were investigated experimentally by Das and Chakraverty
[4], who indicated that the outlet air temperature for a
double-glass collector is 1°C and 2°C higher, respectively,
for single-pass and polymethyl methacrylate-glazed collec-
tors. The thermal efficiencies of collectors with double-glass,
single-pass, and polymethyl methacrylate glazing are 46%,
42%, and 36.5%, respectively. Further, it was noted, after
observing over a period of three months, that the solar trans-
mittance of polymethyl methacrylate decreases. The experi-
mental results of El-sebaii et al. [5] indicated that using
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finned plate improves the thermal efficiency of double-pass
v-corrugated plate GUC by 9.3–11.9% compared to the
double-pass finned plate GUC.

In order to improve the heat transfer, roughness inducing
wires and wavy passage were tried in various studies [6–8].
Different fin types, such as offset strip fins [9, 10] and contin-
uous fins [11, 12], have been studied extensively. It was
observed that introducing obstacles in the air stream
increases the absorber plate surface area [13]. Fins are
employed in the SAH to extend the surface area of the
absorber [14]. The results of attaching pin fins to the
absorber plate of SAH indicate that the efficiency improves
by 48% compared to SAH without fins [15]. Deo et al. [16]
studied the performance of a SAH with multigap V-down
rib combined with staggered ribs. Hans et al. [17] used mul-
tiple V-rib roughnesses in their design. Some researchers
have investigated the effect of using porous materials in the
collector which shows an increase in the thermal efficiencies
of SAHs. Some materials, used inside the collectors as a
matrix, are scrap iron, wire mesh screen, aluminum, copper,
broken glass pieces, and gravels. Chouksey and Sharma [18]
theoretically investigated the performance of SAH packed
with blackened wire screen matrices. They validated their
theoretical results with the available experiments. The results
of an analytical and experimental investigation of a new SAH
with latent storage collector using spherical capsules as a
packed bed absorber by Bouadila et al. [19] demonstrated
that the useful energy which can be used during the 11 hours
of the off-sun time comes out to be 200W/m2. In addition,
the daily energy efficiency varies between 32% and 45%.

While the abovementioned studies concentrate on
improving the thermal efficiency of GUC, the aspect of max-
imum heat loss occurring from the glazing cover is over-
looked. To counter this problem, preheating the inlet air
from the unglazed perforated plate in the UTC is proposed.
The most popular UTC design is the unglazed solar air heater
(USAH) which was developed during the 1990s by

Christensen et al. [20]. The results of their experiments indi-
cated that the UTC achieves 70% cost reduction compared to
the GUCs. In the last decade, various attempts have been
made to modify these types of solar collectors to improve
their thermal efficiencies. Kutscher et al. [21] indicated that
wind effects are significant and only some selective surface
absorbers will be effective in obtaining greater temperature
rise in UTCs. A 2D computational fluid dynamic (CFD)
study by Gunnewiek et al. [22] demonstrated that reverse
flow is observed at a mass flow rate of less than 0.0125 kg/s;
hence, mass flow rates equal to this and lower should be
avoided. Further, the code is modified by considering the
effect of wind velocity on the flow distribution of an unglazed
transpired plate [23]. The effects of the thickness of the
absorber plate, pitch between the holes and diameter of the
perforations, were studied by Børvik et al. [24]. An experi-
mental and numerical study on UTC [25] indicated that the
effect of the conductivity of an unglazed cover plate is less
on their thermal performance. Christensen et al. [26] exper-
imentally investigated the effect of two different materials of
absorber plates of two UTCs having the same thickness, alu-
minum, and styrene plastic. At low mass flow rates of up to
0.02 kg/s, the heat transfer from the plastic absorber plate to
the air stream increases by 0.2% compared to the aluminum
plate. Vaziri et al. [27] investigated the thermal performances
of perforated glazed SAHs and an unglazed transpired solar
air heater using Plexiglas as the glazing material. The maxi-
mum efficiency in the perforated glazed solar air heater was
obtained as 85% compared to the unglazed transpired solar
air heater where it was 50%.

To the best of our knowledge, no experiments have been
performed with the slit-glazed solar air heater (SGSAH). The
main aim of this investigation was to determine the effect of
different gap distances between the glazed slits and the bed
heights of the collector on the thermal performance by
varying the air mass flow rates. In the SGSAH system, air
is preheated by passing through slit glazed similar to that
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Figure 1: Schematic view of the slit-glazed collector system.

2 International Journal of Photoenergy



as in the perforated glazed in the UTC. With this new
design of SAH, advantages of both GUC and UTC can be
combined, that is, having glass as the glazed cover and slit
glazed as semitranspired, respectively, thereby improving
the performance of SAHs.

A new design of the solar air heating system is proposed
in order to minimize the heat losses from glazing. The aim of
the study was to design, construct, and experimentally inves-
tigate slit-glazed solar air heaters with glass panes used as
cover plates as they have many advantages over Plexiglas.
Glass pane perforation is a costly process and prone to break-
age (glass being fragile). To overcome this, air is withdrawn
through the gaps between the glass panes rather than the cir-
cular perforations. In addition, the aim of this study is to

construct a cheap and an efficient solar air heater with the
same materials used as in a conventional SAH.

2. Experimental Apparatus

The experimental part was carried out betweenMay 24, 2015,
and July 10, 2015, with clear sky conditions at Famagusta
(35.125°N and 33.95°E longitudes) in Cyprus from 8:30 am
to 4:30 pm every day in intervals of one hour. The schematic
view of the constructed SGSAH is shown in Figure 1.

Three SGSAHs were constructed and tested for thermal
efficiency. The frames of the collectors were made from ply-
wood with length, width, and thickness measuring 154 cm,
91 cm, and 1.5 cm, respectively, and painted in matte black.

Figure 2: Pictorial view of the experimental setup of three slit-glazed solar air heaters.
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Figure 3: Mean hourly variation of solar intensity and ambient temperature.
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The bed heights for the three SGSAHs were 3 cm, 5 cm, and
7 cm. The absorber plates of the collectors were made 1mm
thick of low carbon steel metal sheet and painted in matte
black. Normal window glass panes, 4mm in thickness, were
used as glazing with length and width of each pane being
154 cm and 6 cm, respectively. In order to reduce heat losses,
the sides and bottom of the collectors were insulated by 3 cm
thick Styrofoam. A 4mm thick glass, 91 cm wide and 23cm
long, was placed at the top of the collector to ensure

uniformity in flow and prevent any flow reversals. Figure 2
shows the pictorial view of the three constructed SGSAHs.
The experiments were conducted for four different gaps
between the panes, namely, 0.5mm, 1.0mm, 2.0mm, and
3mm, and mass fluxes were chosen as 0.014 kg/s, 0.022kg/s,
0.029 kg/s, 0.036 kg/s, 0.043kg/s, 0.050 kg/s, and 0.057 kg/s.

For each SGSAH, two type T thermocouples were
employed to measure the inlet and outlet air temperatures
and the temperatures at different points on the glazing.
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Figure 4: Temperature rise (Tout − T in) versus time at a gap distance of 0.5mm for different mass flow ratesm and three different bed heights
(a) 7 cm, (b) 5 cm, and (c) 3 cm.
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Two-channel digital thermometers with an accuracy of
±1°C were used to measure temperatures hourly during
the day. Solar intensity was measured using an Eppley
Radiometer Pyranometer (PSP) with a solar radiation meter
model HHM1A digital Omega with 0.25% basic DC accu-
racy and a resolution of ±0.5% having a range from 0 to
2800W/m2. The air velocity was measured using an Extech
407112 Vane anemometer. For the range of 0.4–10m/s, the
reading accuracy and data resolution were 0.2m/s± 2% and

0.01m/s, respectively. A dimmer switch was used to control
the air flow rate in each collector. The collectors were ori-
ented towards south to capture maximum irradiance and
inclined at 39° due to the geographical location of Cyprus.

In this study, efficiency is defined as follows:

η =
mCpΔT
AcI

, 1

Gap distance of 1 mm and bed height of 7 cm
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Figure 5: Temperature rise (Tout − T in) versus time at a gap distance of 1mm for different mass flow rates m and three different bed heights
(a) 7 cm, (b) 5 cm, and (c) 3 cm.
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wherem is the mass flow rate, Cp is the specific heat of air, ΔT
is the temperature difference between the inlet and outlet of air,
Ac is the surface area of collector, and I is the solar intensity.

3. Uncertainty Evaluation

In this section, the uncertainty of the air mass flow rate and
thermal efficiency are discussed. The mass flow rate is deter-
mined as follows:

m = ρVA, 2

where ρ is the air density, V is the outlet air velocity, and
A is the cross-sectional area of the outlet. The fractional
uncertainty, ωm/m, for the air mass flow rate can be calcu-
lated as follows [28]:

ωm

m
=

ωTair

Tair

2
+ ωV

V

2
+ 4 ωr

r

2
1/2

, 3

Gap distance of 2 mm and bed height of 7 cm

Time of the day (hr)

T
ou

t –
 T

in

9 10 11 12 13 14 15 16
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30

m = 0.014 kg/s
m = 0.022 kg/s
m = 0.029 kg/s

m = 0.036 kg/s
m = 0.050 kg/s
m = 0.057 kg/s

.

.

.

.

.

.

(a)

Gap distance of 2 mm and bed height of 5 cm

Time of the day (hr)

T
ou

t –
 T

in

9 10 11 12 13 14 15 16
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30

m = 0.014 kg/s
m = 0.022 kg/s
m = 0.029 kg/s

m = 0.036 kg/s
m = 0.050 kg/s
m = 0.057 kg/s

.

.

.

.

.

.

(b)

Gap distance of 2 mm and bed height of 3 cm

Time of the day (hr)

T
ou

t –
 T

in

9 10 11 12 13 14 15 16
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30

m = 0.014 kg/s
m = 0.022 kg/s
m = 0.029 kg/s

m = 0.036 kg/s
m = 0.050 kg/s
m = 0.057 kg/s

.

.

.

.

.

.

(c)

Figure 6: Temperature rise (Tout − T in) versus time at a gap distance of 2mm for different mass flow rates m and three different bed heights
(a) 7 cm, (b) 5 cm, and (c) 3 cm.
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where Tair is the average temperature between the inlet and
outlet and r is the pipe radius of the air outlet.

The fractional uncertainty in the efficiency can be found
as follows:

ωη

η
= ωm

m

2
+ ωΔT

ΔT
2
+ ωI

I

2 1/2
4

The uncertainties within the mass flow rate and thermal
efficiency for the highest air mass flow rate were calculated
to be 1.45% and 3.7%, respectively.

4. Results

4.1. Variation of Solar Intensity and Ambient Temperature
with Time. Figure 3 shows the mean hourly variation of solar
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Figure 7: Temperature rise (Tout − T in) versus time at a gap distance of 3mm for different mass flow rates m and three different bed heights
(a) 7 cm, (b) 5 cm, and (c) 3 cm.
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radiation and ambient temperature. The solar intensity
increased steadily during the morning hours reaching to a
peak value at midday and then reduced gradually until sun-
set. The behavior was, by and large, consistent during the
entire course of the measurements. The ambient temperature
increased during the day until afternoon and reduced briefly
thereafter. During the experiments, the highest value of the
solar intensity was measured as 896W/m2 with average value
coming out to be 682W/m2 and the maximum ambient

temperature (Tin) was recorded at 35°C with the average
value being 31°C.

4.2. The Temperature Rise (ΔT = Tout − T in) as a Function of
Time. The variations of ΔT versus standard local time of the
day time for different gap distances, bed heights, and mass
fluxes are demonstrated in Figures 4–7.

For a gap distance of 0.5mm (Figures 4(a), 4(b), and
4(c)), the ΔT for different mass flow rates increased during
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Figure 8: Thermal efficiency versus time at the gap distance of 0.5mm for bed heights (a) 7 cm, (b) 5 cm, and (c) 3 cm and different
mass flux rates.
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the morning hours reached maximum between 12:00 and
13:00 and then decreased until sunset. For different bed
heights, 3 cm, 5 cm, and 7 cm, the maximum values of ΔT
were obtained as 25°C, 26°C, and 27°C, respectively, for the
least value of mass flux (0.014 kg/s). The inlet velocity at a
smaller gap distance is higher compared with the inlet veloc-
ity of a bigger gap distance. As friction increases at a lower
gap distance, the inlet air contact area with glass panes also
increases. Therefore, convective and radiation losses decrease

at smaller gap distances. Higher inlet velocity increases gain
in heat convection energy from the glass panes. Therefore,
it is expected to have higher ΔT at a lower gap distance.
There is also more possibility for a reversal flow in a higher
gap distance for SAH.

On increasing the gap distance to 1mm, the maximum
ΔT’s were achieved as 24°C, 25°C, and 26°C for the bed
heights of 3 cm, 5 cm, and 7 cm, respectively, for the mini-
mum mass flow rate (see Figures 5(a), 5(b), and 5(c)).
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Figure 9: Thermal efficiency versus time at the gap distance of 1mm for bed heights (a) 7 cm, (b) 5 cm, and (c) 3 cm and different mass
flux rates.

9International Journal of Photoenergy



However, on increasing the gap distances to 2mm and
3mm, the maximum ΔT ’s (23°C and 22.5°C, resp.) were
achieved in the SGSAH with the lowest values of bed height
(3 cm) and mass flux rates (0.014 kg/s). These ΔT values were
low compared to the smaller gap distance values.

The experimental findings revealed the following:

(a) For lower mass fluxes (0.014–0.036kg/s), (i) for wider
gaps (2mm and 3mm), higher temperature differ-
ences were obtained in the SGSAH with lesser bed

heights (3 cm) and (ii) for smaller gaps (0.5mm and
1mm), higher temperature differences were obtained
for greater bed heights, that is, 7 cm. The highest value
of ΔT (27°C) was obtained for a gap distance of
0.5mm, lowest mass flow rate of 0.014 kg/s, and bed
height of 7 cm. The highest ΔT values (for any bed
height) gradually decreased on increasing the gap dis-
tances from 0.5mm to 3mm. Therefore, for low mass
fluxes, the performance of the SGSAH with 3 cm bed
height was higher than that of the other two SGSAHs
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Figure 10: Thermal efficiencyversus timeat thegapdistanceof 2mmforbedheights (a)7 cm, (b)5 cm, and (c)3 cmanddifferentmassfluxrates.
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at wider gaps and the SGSAH with 7 cm bed height
performed better than the others for smaller gaps.

(b) For higher mass fluxes (0.043–0.057 kg/s), the
SGSAH with bed height 7 cm showed higher temper-
ature differences at both smaller and wider gaps com-
pared with other SGSAHs (Figures 4–7).

Air inlet through the gap between the panes continues to
gain energy from an absorber plate by heat convection inside

the plenum. There is a possibility that at low mass flow rates
and higher bed heights, the working fluid may not fully come
in contact with the lower portion of the absorber plate.

4.3. Thermal Efficiency as a Function of Time.

(a) For a gap distance of 0.5mm, the maximum efficiency
was obtained as 82% in the SGSAH with a bed height
of 7 cm and a maximum mass flux of 0.057kg/s
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Figure 11: Thermal efficiency versus time at the gap distance of 3mm for bed heights (a) 7 cm, (b) 5 cm, and (c) 3 cm and different
mass flux rates.
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(Figure 8(a)). The maximum thermal efficiencies of
SGSAHs having bed heights of 5 cm and 3 cm
were found to be 79% and 75%, respectively
(Figures 8(b) and 8(c)). In addition, the average
efficiencies for the SGSAHs with bed heights of
7 cm, 5 cm, and 3 cm were found to be 62%,
59%, and 56%, respectively. Hence, the highest
value of thermal efficiency for SGSAH with a

0.5mm gap distance was found with a bed height
of 7 cm for all the mass fluxes.

(b) By increasing the gap distance to 1mm, the maxi-
mum thermal efficiency was achieved for the SGSAH
with a bed height of 7 cm as 77% with the mass flux as
0.057 kg/s (Figure 9(a)). The average efficiencies for
different bed heights, 7 cm, 5 cm and 3 cm, were
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Figure 12: Efficiency versus Tair − Tamb /I at a gap distance of 0.5mm and different mass fluxes for SGSAHs with varying bed heights
(a) 7 cm, (b) 5 cm and (c) 3 cm.
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57%, 55%, and 52%, respectively (Figures 9(a), 9(b),
and 9(c)). This showed an overall decrease in the
maximum thermal efficiency obtained for the gap
distance of 0.5mm from 82% to 77%.

(c) As the gap distance was increased to 2mm, the max-
imum thermal efficiency was achieved as 75% with a
bed height of 7 cm and a maximum mass flux of
0.057 kg/s (Figure 10(a)). For all other mass fluxes
with a bed height of 7 cm, no maximum efficiency
was found. The average thermal efficiencies were
found to be 50%, 49%, and 49% for bed heights of
7 cm, 5 cm, and 3 cm, respectively. The results also
show that, for lower mass fluxes (0.014–0.036 kg/s),
the thermal performance of the SGSAH with 3 cm
bed height was higher than that of the other two
SGSAHs (Figures 10(a), 10(b), and 10(c)). The max-
imum efficiency further reduced as the gap distance
increased, from 77% in 1mm case to 75% here.

(d) It is found that the thermal efficiency is significantly
dependent on the ambient temperature and it
enhances with increasing ambient temperature. In
the morning when the ambient temperature is low,
the amount of heat losses are higher from the collec-
tors to the environment compared to the afternoon.

(e) For 3mm gap distance, the maximum thermal effi-
ciency decreased further (compared to smaller gap
distances) to 73% in the SGSAH with a bed height
of 7 cm and a mass flux of 0.057 kg/s (Figure 11(a)).
The average thermal efficiencies were obtained as
50% for each of the SGSAH. Also, it is found that
the thermal efficiency is significantly dependent on
the ambient temperature and it increased with the
increase of the ambient temperature. In the morn-
ing when ambient temperature is low, the amount
of heat losses are higher from the collectors to
the environment in the morning in comparison
with the afternoon.

4.4. Efficiency versus Tair − Tamb /I. Figures 12(a), 12(b), and
12(c) show the efficiency versus Tair − Tamb /I plot with dif-
ferent mass fluxes for three different bed heights and for a
gap distance of 0.5mm. The thermal efficiency of the
SGSAHs increased as the Tair − Tamb /I ratio increased
steeply for higher mass fluxes than that for lower mass flux
rates. Also, the thermal efficiencies increased with increasing
mass fluxes, as expected. Similar results were obtained in ear-
lier studies [27, 29, 30]. The maximum efficiency was
obtained for the bed height of 7 cm with maximummass flux.
The observations were made for different gap distances
which showed a similar pattern. Here, the results related to
the most efficient gap distance, 0.5mm, are presented.

5. Conclusions

The performances of three different SGSAHs at various gap
distances, mass fluxes, and bed heights were investigated

experimentally in terms of the following observables: (i) solar
intensity and ambient temperature, (ii) temperature rise of
the outlet air, and (iii) thermal efficiency. A new design for
SAHs was proposed in this study to minimize the glazing
heat losses that are present in a conventional SAH.

The results indicated that by increasing mass flux, ΔT
decreased while the thermal efficiency increased. At a mini-
mum mass flow rate of 0.014 kg/s, a gap distance of 0.5mm,
and a bed height of 7 cm, the maximum ΔT was achieved to
be 27°C. The maximum efficiency of 82% was obtained for
the bed height of 7 cm where the gap distance was minimum
(0.5mm) and the mass flux was the highest (0.057 kg/s)
which shows significant improvement on the thermal effi-
ciency in comparison to the conventional SAHs varied
between 28% and 40% [31]. The results for the gap distances
0.5mm and 1mm showed that the SGSAH with 7 cm bed
height performed better compared to the other two SGSAHs
for higher mass fluxes (i.e., above 0.043 kg/s). For the gap
distances 2mm and 3mm at lower mass fluxes (0.014–
0.043 kg/s), the thermal performance of the SGSAH with
3 cm bed height was higher than the other two SGSAHs.
The efficiency of the SGSAH improved substantially after
employing slit glazing compared to the conventional SAH.

Nomenclature

A: Area of the collector (m2)
Cp: Specific heat (KJ/kg K)
m: Mass flow rate (kg/s)
T: Time (s)
I: Solar radiation intensity (W/m2)
T: Temperature (°C)
V: Velocity (m/s).

Greek Symbols

ΔT: Temperature difference (Tout − T in) (
°C)

ρ: Density of air (kg/m3)
μ: Viscosity of air (N s/m2)
η: Efficiency of the solar air heater (η =mCpΔT/IAc).

Subscripts

in: Inlet
out: Outlet
air: Film temperature.

Abbreviations

SAH: Solar air heater
SGSAH: Solar-glazed solar air heater
UTC: Unglazed transpired collector
GUC: Glazed untranspired collector.
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