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Abstract

Uncovered solar collectors using perforated absorbent plates are a variety of reception collectors that are used
for solar heating of air for consumption in air conditioning systems and dryers. The thermal performance
of these collectors is subject to various factors including diameter and step holes, air suction velocity and
solar radiation. Using modeling, a proper evaluation of the effect of each of these parameters on the thermal
performance of the collector can be obtained. In this paper, by using heat transfer and energy balance
modeling in different components of the sample collector, the effect of each of these parameters is estimated
by using the preheatment of building air, thermal efficiency and output temperature of the collector according
to the parameters of solar radiation, air suction velocity, diameter and step of the holes of the absorbent plate.
Also, the efficiency of heat exchange of perforated plates is estimated for air suction velocity, diameter and
step of holes. The results show that increasing the suction rate of air and solar radiation increases the thermal
efficiency of the collector. Also, efficiency of the heat exchange (enx), which decreases with increasing
suction speed, is due to the decrease in the output temperature of the collector because of the increase in
the amount of inlet air to it, increasing the suction rate from 60 m/h to 160 m/h reduces the efficiency of the
heat exchange by 30%.
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1 INTRODUCTION

Solar thermal energy as an endless and clean source has been
considered for many years for various applications. Solar collec-
tors are heat exchangers that convert the solar radiant energy
into thermal energy for various uses including hot water supply
[1-3] or air heating. Unglazed transpired collectors (UTC hole)
solar collectors are a justifiable technology for using solar thermal
energy for commercial and household applications. Using these
collectors can preheat the air and reduce the heating load of
the building [4-6]. Also, this type of collector is used in the
drying processes of crops [7], absorbent cooling [8], preheating
the inlet air of the Boiler [9] and photovoltaic-thermal system
[10].

Currently, uncovered solar collectors with the perforated
absorbent plate are commercially marketed [11-13]. Uncovered
solar collectors using perforated absorbent plates have a very
simple system. The air passes through the holes created on an
absorbent plane exposed to the sun’s radiation and heats up. The
suction of the air through these holes was done by a sucker fan. So
far, a majority of studies have been conducted on UTC systems on
commercial and laboratory scales. Studies on heat transfer drops
were conducted by Ekoja et al. [14]. They considered the drops in
heat transfer in their model. They also showed that uniform air
suction fixed the thickness of the hydrodynamic boundary layer
and thermal boundary layer during the collector.

Researchers [15, 16] obtained relationships related to the effi-
ciency of heat exchange and pressure drop using the results of
several experiments. Using 2D computational fluid dynamics,
Ganwick et al. obtained the efficiency of heat exchange for UTC,
which Van Decker et al. [17] extended to the experimental study
presents an improved thermal analysis performance for the con-
ventional unglazed transpired collector (UTC). Decreasing radi-
ation and convection heat transfer loss to the environment and
increasing heat transfer coefficient of the passing air with, first:
Adding fifteen-wire mesh layers as an alternative of the perforated
absorbing plate. Bokor et al. [18] presented a nocturnal passive
cooling by transpired solar collectors. Alayi et al. [19] presented
thermal and environmental analysis solar water heater system for
residential buildings. Gao et al [20] conducted an energy and
exergy analysis of a glazed solar preheating collector wall with
non-uniform perforated corrugated plate.

Liu etal [21] presented an operating performance of a solar/air-
dual source heat pump system under various refrigerant flow rates
and distributions. Motahar [22] presented that a thermal perfor-
mance of UTCs is a function of various parameters including
incident solar radiation, air approach velocity, diameter and pitch
of perforations. Modeling predicts the thermal performance of
UTCs over a wide range of design and operating conditions. Saini
etal. [23] used the techno-economic analysis of an exhaust air heat
pump system assisted by unglazed transpired solar collectors in a
Swedish residential cluster.

Although the use of laboratory methods or computational fluid
dynamics to understand how heat transfer in unmasked solar
collectors has led to the development of multiple heat transfer
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relationships for these systems, these methods are very costly and
are not suitable for quick design or initial estimates. An inexpen-
sive and reliable model that has been verified using laboratory
results and can express practical results for the design of this
system has so far been of little attention.

In this paper, the thermal performance of an unmasked solar
collector with a perforated absorbent plate is modeled using build-
ing air preheating based on energy balance equations using MAT-
LAB software. Such an earlier applied study has rarely been con-
ducted. First, the proposed model is confirmed by experimen-
tal data; then thermal efficiency, output temperature and heat
exchange efficiency under different conditions of collector design
and function are to be investigated.

2 MATERIALS AND METHODS

2.1 Problems and assumptions

In this paper, a solar collector without perforated covering, which
includes a sun absorbent perforated plate, is installed on a south-
ern wall to preheat the inlet air of the building. The air is suctioned
from the holes into the collector’s chamber (Plenum) and eventu-
ally enters the heating system of the building. In the modeling of
this UTC, the following assumptions are applied:

1. The air inside the chamber only moves vertically and the
collector is assumed to be two-dimensional.

2. The absorbent plate has holes with a triangular arrangement.
(Figure 1b).

3. The air temperature inside the chamber and the temperature
of the absorbent plate are uniform.

4. Thermophysical properties of air follow the equation AT* 4+ BT*
+ CT* + DT + E, where temperature T is obtained from
Table 1 in terms of Kelvin and constants A, B, C, D and E
Also, the air density (p) is obtained from the relationship
o = 360.7782 T*** (kg/m’), where T is the temperature
in Kelvin [20]. Using energy equations and heat transfer
on the collector and wall, the thermal efficiency and output
temperature of the collector are modeled based on modifiable
parameters.

2.2 Energy equations
Different mechanisms of heat transfer on the solar collector, which
are effective in modeling its performance, are shown in Figure 1a.
Heat is transmitted outward from within the room by conduc-
tance (qcond, w)> part of which is exchanged through radiation
(qrad, w-c) with the absorbent plate, and the other part is given
to the chamber air through displacement (qcony, w-p)- The energy
balance on the wall is derived from equation 1:

Ycond,w = Yqconv,w—p + Gradw—c- (1)
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Table 1. Thermo-physical properties of air [20, 24, 25].

A B C D E
Cp (J/kg.K) 1.933 x 1071 —7.999 x 1077 1.141 x 1073 —4.489 x 107! 1.058 x 10°
v (m?*/s) 0 —1.156 x 107" 9.573 x 107! 3.760 x 1078 —3.44810°°¢
k (W/m.K) 0 1.521 x 107" —4.857 x 1078 1.018 x 10~* —3.933 x 107*
a(m?/s) 0 0 9.102 x 107" 8.820 x 1078 —1.065 x 107°
where « (. is the absorption coefficient of the collector’s absorbent
Gabs plate, I; is the rate of solar radiation and A = (—1) A is the area
\ — ) of the absorbent surface or the total area of the collector’s surface
% &> | = Hotairout .
— (A) minus the area of the holes.
Zute . To The porosity of the perforated absorbent plate (o) is defined by
qconv,loss :qcanv w-p equation 4 [14]
1 D 2
| D — qcnmv,w o = 0.907 ( / ) > (4)
| P
G rad,loss : Gradw-c |
| where P is the step and D is the diameter of the holes. The radiant
Geons,c-prmmnlpy Troom energy exchanged between the wall and the collector is as follows

(@)

(b)

Figure 1. (A) Heat transfer mechanisms on the UTC; (B) triangular arrangement
of holes on a part of the absorbent plate.

Also, according to Figure 1, the energy balance on the
absorbent screen will be as follows:

Gabs t+ Grad,w—c = Gconv,c—p + Geonv,loss + Grad,loss- (2)

That is, the total solar energy absorbed by the absorbent plate
(qabs) and the radiant heat energy received from the wall (qrad, w-c)
is equal to the total heat energy received by moving from the
perforated plate to the chamber air (qconv,c-p)> the loss of heat
energy through the displacement to the ambient air (qcony,loss) and
the loss of heat energy through radiation to the sky (qrad, 10ss)- The
heat absorbed from the sun’s radiation is obtained by the collector
from equation 3.

qabs = alTAs, (3)

[25]:
Graaw—c=00A (T =T /(M [, 41/ =1),

where o, =5.67 % 107* (W/m’. k') Stephen-Boltzmann constant,
T is absolute temperature and ¢ is the issuance coefficient.

The airflow through the collector’s holes to the chamber causes
the displacement heat to be transferred, which is the equation of
displacement as follows:

Geonv,e—p = thp (Tp - Ta) = mcngX (Tc = Ta), (6)

where Tp is the air temperature in the enclosure, Ta is the ambient
air temperature, Tc is the collector temperature and cp is the
special heat of the air. Also, mc = VsA where Vs is the speed of
air suction towards the collector.

In equation 6, ¢ gx is the efficiency of heat exchange and
equation 7 can be obtained as [14] follows:

T, — T, kNup (1 —
EHX = u =1—- exp _M N (7)
T.— T, D,V:C,

where k is the thermal conductivity coefficient of the air. For
5% <o < %1.0and 2000 < Rep < 100, equation 8 offers a formula

for Nusselt in holes [14]:
Uso \ 48
, (8
) o

where Uy, and V; are wind speed and air suction speed, respec-
tively, toward collector and Re D Reynolds number is based on the
air speed in the hole, which is defined by the equation Rep=V,D/v
(.\) Vi = Vi/o and the rate of drop caused by the transfer heat

P —-1.2
Nup = 2.75 (B) Re%® + O.OllaReD(
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from a collector with a wavy plate is obtained from the following
equations [14]:

Nujossk
Gconv,loss = %As (Tc — Tq)

CpUso , €)
Nujoss = 0.822 i:Vs va

where in the air kinematic vlescetic and Cr wave coefficient is the
shape of the plate, which is considered equal to one for flat plates.
The collector’s radiant drops to the environment can be obtained
from equation 10 [25, 26]:

4 4
Gred,loss = EcOshA (Tc - Tsur)

T4, =05 (T4, + T4) (10)

Tsgy = 0.0552T32, Tor = T,

The exterior surface of the wall receives heat from the inside of
the room through conduction, and the conductive heat transfer
through the wall is derived from equation 11 [26]:

w) - (11)

Geond,w = Ucond.wA (Troom —

Also, the heat transmitted from the wall is obtained by displace-
ment from equation 12 [25]:

Geonv,w—p = ICN#A(TW - Tp)
0.664 Re:%[sPrO'333 Rey < 5 x 10°
0.037Re}® — 871) Pr%333 Reyy > 5 x 10°

Nus :{ : . (12)

To obtain the temperature of the hot air output from the solar
collector (T,), the heat transmitted by moving from wall to air of
the chamber is considered as follows [26]:

eonv,w—p = mcp (ToTp) . (13)

The collector’s thermal efficiency is defined as the useful heat
obtained from the collector to the incoming solar energy, which
will be derived from the equation 14:

mCy (To — T,
_ WGy (T~ Ta) "
ITA

The above energy equations are solved based on the algorithm
presented in Figure 2 using MATLAB software and the collector
temperature and wall are obtained.

2.3 Model verification

The experimental results of the performance of a sample perfo-
rated glass collector are presented by NSTF 1 [27] in Figure 1
increasing the air temperature (T, — Ty) in terms of solar radi-
ation for the intensity of currents 130,72 and 20 m/h.
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Start

Input T, Trooms Ueos €000 (UA) s
C, 0 £, Osp I, A H, D, P,V

Compute: 0, A, Tsyr: Tsky Qabs: Vn
Compute air properties at Tyand T,

T, = 0.5(T, + T,); T, = 0.5(T, + T)

Compute , eyy, Gconv,c-p* Iradw—c,

conv,loss’ Arad loss* Ycond,w’ Yconv,w—p

Solve Eq.(1)and(2)

compute Tp'anz !!

b4

T, — T, < 0.01

T = D001

NO Tp=Tp
Tw =Tw’

End '

Figure 2. Modeling algorithm.

Room air temperature is kept constant at 22°C. NSTF tests
were performed at room temperature. The results of the proposed
model have been shown compared with the laboratory results
in Figure 3. As can be seen from Figure 3, there is very good
coordination between the test results and the present model at
high suction speeds, but at low suction speeds due to the increase
in the drops caused by the free-movement heat transfer, the test
results show a lower temperature increase. Therefore, the present
model does not provide acceptable results for suction speeds less
than 72 m/h.

3 RESULTS

In this section, the results of modeling the performance of the
sample solar collector are given. The following parameters and
Table 2 are used in modeling:

Troom = 20 °C, U = 1.2 m/s, T, = 10 °C, (UA)y =1, Ce = 1,
e.=0.9.

When a parameter changes, the rest is kept steady.
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60

—+—Vs=130 m/h (model)
50 ~#—Vs=72 m/h (model)
—#—V/s=20 m/h (model)
40 Vs= 130 m/h (experiment)
—+—Vs=72 m/h (experiment)

04 —e—V/s=20 m/h (experiment)

Temprature rise (°C)

10 +

0 200 400 600 800 1000 1200

solar irradiance (W/m?)

Figure 3. Increasing the temperature in the collector in terms of solar radiation.

Table 2. Sample collector specifications [26].

Parameter Quantity
Collector height 2.44m
Collector width 1.83m
Chamber depth 0.0762 m
Hole diameter 0.00159 m
Step holes 0.0214 m
Porosity 0.5%

40

35

30

15

10

=
40 500 600 700

Solar irradiance (W/m?)

Figure 4. Output temperature in terms of solar radiation.

3.1 Investigating the effect of sunlight on the function
of UTC

Changes in the temperature of the exhaust air from the collector
(Tout) with the amount of solar radiation in Figure 4 are shown.
This diagram is plotted for Vs = 72 m/h, D = 1.59 mm and
P =15.1 mm. As Figure 4 implies, increasing the amount of solar
radiation means increasing the inlet heat to the collector and thus
increasing its output temperature. In Figure 4, due to the ambient
temperature of 10°C and the significant increase in temperature,
UTC has a high potential for drying agricultural products.

The thermal efficiency of UTC is shown by the assumptions
mentioned of Figure 4 in Figure 5. As can be seen from Figure 5,
thermal efficiency increases with increasing rate of solar radiation,

International Journal of Low-Carbon Technologies 2022, 17, 1435-1442
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Figure 5. Thermal efficiency in terms of solar radiation.
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Figure 6. The output temperature of the collector in terms of air suction speed.

which continues first with a high slope and then with a slow slope.
By increasing the amount of solar radiation entering the collector,
its output temperature also increases, which is lower than the
input energy. In fact, with the increase in the rate of energy input,
the heat transfer drops have increased.

3.2 The effect of air suction velocity on the function of
UTC

The effect of air suction velocity on the collector’s performance
in this section has been investigated. Figure 6 shows the temper-
ature of the collector’s outlet air in terms of the speed of the air
suction towards the collector. This shape is plotted by constantly
placing radiation intensity equal to It = 800 W/m?, the ambient
temperature of T, = 10 °C and values in Table 2. By increasing
the suction speed of the air towards the collector, more air passes
through the holes and has less opportunity to warm up, resulting
in higher suction speeds, and the temperature of the outlet air is
lower than the collector. For example, by increasing the suction
speed of the air to the collector from 40 to 60 m/h, the collector’s
output temperature drops about 10°C.

Figure 7 shows the efficiency of the heat exchange (¢ux), which
decreases with increasing the suction speed, which is due to the
decrease in the output temperature of the collector due to the
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0 20 40 60 80 100 120 140 160 180 200
Vs(m/h)

Figure 7. Changes in the efficiency of heat exchange with air suction speed.
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0 20 40 60 80 100 120 140
Vs(m/h)

Figure 8. Changes in thermal efficiency with air suction rate.

increase in the amount of inlet air to it, increasing the suction rate
from 60 to 160 m/h reduces the efficiency of the heat exchange by
30%.

In Figure 8, according to the assumptions applied to Figures 6
and 7, the thermal efficiency of the collector in terms of the speed
of air suction towards the collector is shown. By increasing the
suction speed, the mass discharge of the air increases and the
working temperature of the collector decreases, which reduces
heat transfer drops and increases the heat efficiency. Up to an
approximate speed of 60 m/h, the increase in efficiency occurs
fairly with a steep slope, after which the slope of the increase
in returns will be softened, which is consistent with the results
provided by the reference [28].

3.3 Investigation of the effect of absorbent plate holes
diameter on UTC function
Figure 9 shows the effect of changing the diameter of the holes of
the absorbent plate from 0.5 to 4.0 mm on the output temperature
of the collector. This shape is plotted assuming that the hole step
is equal to P = 21.4 mm and It = 800 W/m’..

Since by increasing the diameter of the holes in the plate, the
speed of the air passing through the holes decreases, the noslet
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Figure 9. Changes in the output temperature of the collector with the diameter
of the holes.
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Figure 10. Changes in the efficiency of heat exchange with the diameter of holes.

number decreases, and the heat transfer to the air decreases, so
the temperature of the outlet air decreases.

Figure 10 shows the efficiency of heat exchange in terms of hole
diameter variations. Due to the relationship of 8 and the reduction
of diameter, porosity and noslet number, the HX value decreases.

Figure 11 shows the effect of changing the diameter of the holes
of the absorbent plate on the thermal efficiency. By increasing
the diameter of the holes in the plate, it is generally observed
to decrease in thermal efficiency. Since by increasing the diam-
eter of the holes, the speed of the air passing through the holes
decreases, the noslet number decreases and the heat transfer to
the air decreases, so the heat efficiency decreases. By changing the
diameter of the holes of the absorbent plate from 0.5 to 4.0 mm,
the heat efficiency of UTC decreases by about 10%.

3.4 Investigation of the effect of step and porosity of

adsorbent plate holes on UTC function

Figure 12 shows the temperature of the exhaust air from the
collector in different steps of the holes, assuming the constant
diameter of D = 1.59 mm and It = 800 W/m’. By reducing the
step size of the holes, the temperature of the outlet air decreases.
There is no noticeable reduction in Tout between the 10 and
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Figure 11. Changes in heat efficiency in terms of the hole diameter.
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Figure 12. Changes in the output temperature by step of holes.
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Figure 13. Changes in the efficiency of heat exchange with the step of holes.

12 mm steps, but then the temperature drop occurs with a greater
slope. According to Figure 12, with a threefold increase in step, the
output air temperature decreases by less than 3%. The efficiency of
heat exchange decreases with increasing the step size of the holes
as shown in Figure 13. According to this form, the step increase
of holes has more effect on the HX value, so that in the given step
change interval, the efficiency of heat exchange is about 18%, due
to the reduction of Nusselt number.
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Figure 15. Changing the heat efficiency of UTC by the porosity of the absorbent
plate.

Changes in the thermal efficiency of the collector with the step
of the holes are shown in Figure 14. Although step increase has
reduced thermal efficiency; its effect is very low compared to other
parameters. Figure 14 shows that by increasing the step of the
holes from 10 to 30 mm, the thermal efficiency decreases by less
than 3%. As the holes step up, the hot spots are further away from
the holes and heat loss increases due to radiation, thus reducing
the efficiency of the collector’s heat.

Figure 15 shows the porosity effect of the absorbent plate on
the collector’s thermal efficiency. According to this form, in a
fixed step, the increase in porosity has little effect on reducing
the efficiency, so the increase in porosity from 0.4% to 1.6% is
only associated with a 2% reduction in thermal efficiency. Also,
by increasing the step of the holes, the porosity of the absorbent
plate has decreased but its effect on the change of efficiency is low.

4 CONCLUSIONS

In this paper, a model based on energy balance equations and
heat transfer was presented to predict the thermal performance
of an uncovered solar collector with a perforated absorbent plate,
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with changes in the important parameters of collector design. The
results of modeling showed the following:

(A) The present model provides acceptable results for suction
speeds greater than 72 m/h to predict the thermal performance of
the tested solar collector.

(b) The rate of solar radiation has a great effect on the per-
formance of the collector so that by increasing the radiation, the
output temperature and the efficiency of the collector increase
significantly.

(C) The collector at high suction speeds (high mass flow inten-
sity) shows better thermal efficiency, although at these speeds the
efficiency of heat exchange and output temperature decreases.

(D) By increasing the diameter of the holes of the absorbent
plate in a fixed step, the nolset number decreases and the efficiency
of heat exchange and output temperature decreases.

(E) Increasing the step of holes for a constant diameter reduces
the heat exchange coefficient and output temperature. Also,
although step increase has reduced thermal efliciency, its effect
is very low compared to other parameters.

(F) In a fixed step, increasing porosity has little effect on reduc-
ing efficiency. By increasing the step of the holes, the porosity
of the adsorbent plate decreases, but its effect on the change of
efficiency is low.

As for future works, the discussion studied in this work was on
the solar section of these resources. According to these applica-
tions, the following items can be considered in future works: (1)
optimization with intelligent algorithms for maximum absorption
of solar heat and (2) investigation for the combined cooling,
heating and power.
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