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The current study introduces and analyzes a novel square cross-flow perforated solar air heater
(SAH). Since the convection mechanism in SAHs is weak, numerous methods have been suggested
to address this problem and improve thermal efficiency. Perforations and cross-flow
configuration generate high turbulency and, consequently, high convection rate resulted. Hence
these methods have been applied to enhance thermal efficiency. To achieve this goal, an
experimental setup was fabricated and tested at outdoor conditions for two air mass flow rates
(mair) of 0.015 kg/s and 0.03 kg/s while several sensors monitored the collector’s heat dynamics
and ambient conditions. The obtained results illustrate that outlet temperature reaches the peak
values of 38 °C and 34 °C, which is only 6 °C and 7 °C lower than the maximum absorber
temperature. This crucial issue proves a high heat exchange rate in the fabricated SAH that causes
the absorber temperature to approach the outlet temperature due to high turbulency. The strong
convection mechanism in the fabricated SAH improves daily thermal efficiency, in which its value
reaches nearly 78.6% for the mass flow rate of 0.03 kg/s. In conclusion, the square cross-flow
perforated SAH is an economy, applicable, compact collector, ensuring high thermal efficiency.

doi: 10.5829/ijee.2023.14.04.08

NOMENCLATURE
Ac Collector surface area (m?) w Uncertainty
Cp Specific heat capacity (J/kg.K) Subscript
G Solar intensity (W/m?) in Inlet
m Mass flow rate (kg/s) out Outlet
Q Harnessed gain (J) Greek Symbols
T Temperature (°C) N1,paity Daily thermal efficiency
INTRODUCTION source [1]. Solar air heaters (SAHSs) are a simple, cheap

technique widely utilized for heating applications in

Global warming urges many politicians to utilize
renewable energy sources to meet residential and
industrial requirements. Since incoming solar energy is
the most abundant, reliable renewable energy source,
numerous methods were suggested to extract this energy

*Corresponding Author Email: hadi.farzan@bam.ac.ir (H. Farzan)

residential, agricultural, and industries [2, 3]. However,
this technique has a main drawback: the convection
mechanism is weak in SAHs [4, 5]. This issue causes the
thermal efficiency of SAHSs to reduce significantly, and
they were categorized as low-temperature heat sources

Please cite this article as: H. Farzan, A. A. Abouee-Mehrizi, M. Khazali, 2023. Performance Analysis of a Novel Cross-flow Solar Air Heater with
Square Perforated Absorber Plate: An Experimental Study, Iranian (Iranica) Journal of Energy and Environment, 14(4), pp. 384-392. Doi:

10.5829/ijee.2023.14.04.08



http://www.ijee.net/
mailto:hadi.farzan@bam.ac.ir

H. Farzan et al. / Iranian (Iranica) Journal of Energy and Environment 14(4): 384-392, 2023

[6]. Hence, several methods, such as artificial roughness,
have been developed and assessed to handle this problem
[7, 8]. Perforations effectively improve turbulence and
increase the convective heat treansfer mechanism [9, 10].
The current study analyzes a novel SAH using a square
perforated absorber plate to ameliorate the weak
convection mechanism and improve thermal efficiency
[11,12].

Artificial roughness is an effective technique
extensively analyzed and utilized in recent studies. This
technique mainly emphasizes using baffled [13], finned
[14, 15], and corrugated absorbers [16], simultaneously
increasing friction factor and convection heat transfer
coefficients [17, 18]. The perforation method is an
applicable, robust method that can be served instead of
the artificial roughness method; however, this method
attracts little attention. Shetty et al. [19] studied a SAH
utilizing a circular perforated absorber plate to improve
thermal efficiency and assess how perforations affect the
thermal efficiency of SAHSs. This investigation illustrates
that increasing the perforations’ number and diameter
enhances the thermal efficiency of SAHs significantly;
however, the thermohydraulic efficiency may experience
a marginal drop by further increasing these crucial
parameters. Shetty et al. [20] conducted another
investigation and developed a computational fluid
dynamics (CFD) model for a perforated SAH to optimize
the number and diameter of perforations. They proved
that the perforated SAH’s efficiency strongly depends on
the perforations’ diameter, while the highest thermal
efficiency achieved by optimization is nearly 72.8%.
Saravanan et al. [21] compared a SAH utilizing a C-shape
finned perforated absorber plate with one using a smooth
absorber in an experimental approach. Experimental runs
were carried out in various Reynolds numbers and
geometrical parameters. The acquired data showed that
the perforated finned SAH has nearly 167% higher
thermal efficiency than the SAH with a smooth, flat
absorber. Arunkumar et al. [11] performed a
numerical/experimental investigation to analyze a duct
SAH with a perforated absorber considering different
duct height ratios and holes’ number and diameters. The
acquired data illustrate that the perforation significantly
increased the thermal and thermo-hydraulic efficiency of
the perforated duct SAH, while the highest efficiency of
83% was achieved using a hole diameter of 5 cm and a
duct height ratio of 0.667.

Hedau and Saini [22] developed a CFD model to
assess the efficiency of a double-pass SAH with
perforated artificial roughness. This study evaluated the
SAH in various scenarios, including different Reynolds
numbers and collector configurational parameters, and
concluded that increasing the open area ratio and
decreasing the relative height ratio improves the thermal
efficiency of the perforated double-pass SAH. Farzan and
Zaim [23] utilized the perforation method and porous
materials simultaneously to increase the thermal
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efficiency of double-pass solar heaters. Steel wools were
used as porous mediums, and two scenarios were
considered, including the porous perforated and non-
porous perforated SAHs. They illustrated by using the
porous medium increased the efficiency of the perforated
SAH by nearly 15.3%. Eiamsa-Ard et al. [24] evaluated
the heat transfer mechanism and thermal performance in
a SAH using the perforated baffles. This study compared
and analyzed two types of baffles: solid-transverse and
square-wings baffles. The numerical results proved that
the square-wing baffled SAH is more efficient than the
solid-transverse SAH. Furthermore, they assessed the
heat transfer rate in various wing positions to maximize
thermal efficiency. Farzan and Zaim [25] combined a
perforated metallic SAH with a pavement SAH to extend
the operating period of SAH. Since the operating period
of SAH is a function of incident solar energy and
metallic SAH is unavailable when the solar intensity is
absent. This strategy assists in saving

energy in pavement and prolongs the operating
period of the combined SAH.

The late and recent studies focused on perforated
SAHs mainly investigated the impacts of utilizing the
perforated artificial roughness on the thermal
performance of SAHSs [11, 21, 22, 24]. However, using
the perforated absorber is a practical approach that can
improve the convective heat transfer rate. As discussed
in the current literature review, using the perforated
artificial roughness is an expensive, complicated
technique and needs configurational and geometrical
optimizations to obtain the highest performance.
Furthermore, the perforated absorber plate is cheaper
than the conventional or perforated artificial roughness.
The current study introduces a novel cross-flow SAH
type utilizing a perforated absorber. Combining the
cross-flow pattern and perforation method boosts the
convective heat transfer rate inside the SAH and
consequently improves thermal performance. The other
contribution of the current study is that the fabricated
SAH uses a rectangular-shape configuration, which is a
simple, cheap structure compared to other studies that
employed circular-shape configurations to analyze
perforated SAHs [19, 20].

The cross-flow pattern is a new airflow pattern, which
is recently utilized in SAHs. This airflow pattern
maximizes turbulence; high turbulence and higher heat
exchange rate. The cross-flow pattern has been
extensively utilized in various heat exchanger types to
improve the convection mechanism. Since SAHs are a
type of heat exchanger, this study provides this chance to
examine the cross-flow airflow pattern in enhancing
convection heat exchange in SAHs. Furthermore, using
the perforation method assissts the air to pass through the
hot absorber plate, which has significantly enhanced the
convection rate. Hence, increasing turbulence and
perforation are techniques analyzed in the current study
to improve the thermal performance of SAHs.
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METHODOLOGY

Experimental setup

Figure 1 shows the cross-flow perforated SAH and
presents the schematic draw of the experimental setup.
The fabricated SAH has an medium-density fiberboard
(MDF) box with a square perforated absorber plate of 0.2
m in length. This perforated absorber plate has 100 holes
with a 2 mm diameter. These perforations were
distributed homogenously on the heat absorber plate.
Since the constructed SAH has a cross-flow
configuration, it has four intake openings that the flowing
air enters the SAH by passing through them. Each intake
opening has a 0.02 m width and 0.18 m length. A
commercial glass sheet with a 4 mm thickness placed
0.05 cm above the absorber protecting the perforated
absorber plate.

Square Cross-Flow Perforated
Y ____SAH

(b)
Figure 1. (a) Experimental setup and (b) schematic of square
cross-flow perforated SAH
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A 10-Watt centrifugal fan was mounted at the bottom
of the MDF box, which pulls the air to pass through the
perforated absorber and exhausts it. Figure 2 shows the
schematic of airstreams in the fabricated cross-flow
perforated SAH. The fan speed was controlled by using
a dimmer switch to produce desired airflow rates. The
SAH was positioned at 30° facing south to maximize the
incident solar energy.

Experimental procedure and instrumentation

The experiments were performed in Bam, Iran (29.0985°
N, 58.3375° E) at outdoor conditions. The experiments
began at 9:00 A.M. and continued 24 hours until the next
day for several consecutive days in April 2023 for myr =
0.015 kg/s and 0.03 kg/s. The weather conditions were
sunny and stable during experiments to ensure the
validity of the experimental method. Since experimental
runs were carried out on consecutive days, ambient
parameters slightly changed on these days during the
experimental runs.

Several sensors monitored the transient dynamics of
the constructed collector while the Rahgosha GX-800
datalogger recorded the measured data. Since weather
conditions play a critical role in the dynamics of the
constructed SAH, the ambient temperature and the solar
intensity were measured using precise sensors, including
Parto Negar TH202-485 and CMP3 Kipp & Zonen
pyranometer. The absorber and outlet air temperatures
are other crucial factors determining the dynamics of the
cross-flow perforated SAH. These parameters were
measured using NTC thermistors installed on the
absorber plate and outlet opening.

The data acquired by these sensors contain errors due
to instrumental, environmental, and procedural sources.
Hence, precise and accurate experimental data are crucial
to ensure the accuracy of the obtained results. Accuracy
determines whether or not an instrument truly measures
what it is aimed to measure, while uncertainty refers to
the idea that all data have a range of expected values due
to random errors. Kline [26] suggested a technique to

Glass Cover

Perforated
Absorber

O 0 4 900
07 4 4 00
L I I B )
RN B

" Intake
Figure 2. Flow-pattern in square cross-flow perforated SAH
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calculate the standard uncertainty of the measured data as
follows:

nai ) Vin 2 air 2
e = |(Shar)” (%) 4 (1)) ®
v _ ()’ ()| @
1
3

oy _ [ (@mgr) war\? w6\ 2|2
o= |(Gr) + (5) + (%) ]
here w, is the uncertainties associated with the factor x.

Table 1 shows the standard uncertainties of the critical
parameters.

ENERGY

Since numerous methods are suggested to compare and
assess the efficiency of systems, energy analysis is a
robust technique for this aim. The energy analysis is
carried out based on first law of thermodynamics using
inlet and outlet energy streams crossing the system’s
boundaries.

The perforated absorber is exposed to incident solar
energy, and its temperature and energy content increase
during diurnal hours. The air passes through the hot
perforated absorber and gets heated; hence a portion of
incident energy is transferred into the flowing air, and the
remaining portion loses due to convective/radiant
dissipations. To improve the efficiency of the SAH, it is
required to increase the useful harnessed energy and
decrease ambient heat losses. The energy analysis assists
in comparing various techniques to achieve this aim and
improve the efficiency of SAHs. The daily thermal
efficiency of SAHs is defined as follows:

— Qharnessed
ﬂI,Daily -

(4)

Qinco ming

Table 1. Accuracy and standard uncertainty of main factors
Standard

Factor Accuracy Uncertainty
Inlet & Outlet 0 0
Temperature *0.5%C =%

Measured :

Factors Ambient +05°C +5%
Temperature
Solar Intensity +10 W/m? +3%
Air Mass Flow NA. +0.93%
Rate

Caleulated 1, essed Heat N.A. 5.14%

Factors
Thermal 9
Efficiency NA. +9.25%
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here Qnamessed 1S the total useful harnessed energy by the
SAH, and Qincoming iS the total energy hitting the absorber
plate. The total useful harnessed energy and total incident
energy are obtained as follows:

®)

At .
Qnarnessed = fo MairCp,air (Tuir,out - Tair,in)dt

At
Qincoming = f() A Gdt (6)

here mair is the air mass flow rate, and A; shows the
collector surface area. G is the solar intensity, and cp
defines the air specific heat capacity. Tairin and Tairout
denote the inlet and outlet air temperatures.

RESULTS AND DISCUSSION

The present study assesses a novel cross-flow perforated
SAH that utilizes the perforation technique and the cross-
flow configuration to increase turbulency and convective
rate. To achieve this goal, a cross-flow perforated SAH
was fabricated and analyzed at outdoor conditions to
precisely monitor the collector’s dynamics and evaluate
its thermal efficiency. Ambient conditions are critical
factors significantly affecting the dynamics of the SAH.
Figure 3 depicts the measured ambient conditions for 24
hours during the experiments. As shown in Figure 3, the
solar intensity increases as experiments begin and
experiences its maximum value, nearly 1100 W/m?, by
12:30. The solar intensity starts to reduce in the afternoon
and approaches zero at 5:30 P.M.

The solar intensity defines the amount of incident
energy; in other words, the higher the solar intensity, the
higher the incident energy is. The high incident energy
increases the absorber temperature or energy content,
affecting the SAH’s efficiency. The hotter the absorber,
the higher the outlet temperature and, consequently, the
higher the thermal efficiency. However, the hotter
absorber temperature has high ambient heat dissipations,
reducing the SAH’s efficiency. Hence, it is required to
improve the convection rate in the SAH by extracting
more thermal energy.

The ambient temperature is nearly 17 °C at the
beginning of the experiments in the morning and
increases to nearly 22 °C at noon, then reduces
continuously in the afternoon. The ambient temperature
reaches 11 °C nearly one hour before sunrise, the coldest
temperature during the day. The ambient temperature
determines the inlet temperature; furthermore, it has a
crucial impact on convective heat losses since the
ambient temperature specifies the thermal potential
difference or convective driving force.

Figure 4 represents the absorber temperature
measured during the experiments. The absorber
temperature quickly reacts to the incident solar radiation,
and its temperature increases by increasing the solar
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Figure 3. Measured ambient conditions

intensity. The absorber temperature is nearly 27 °C in the
morning at 9:00 A.M., then increases and reaches to the
maximum temperature of 44 °C and 41 °C for mair = 0.015
kg/s and 0.03 kg/s, respectively. The temperature profiles
lay on top of each other in the afternoon, which means
the collector’s transient dynamics are close in the
afternoon when the incident solar radiation is absent or
insufficient. At night, the absorber temperature attains
the ambient temperature and reduces by nearly 11 °C for
both air flow rates (mair). This crucial issue reveals that
the absorber temperature strongly depends on the
incident solar radiation. Since steel has a low heat
capacity, the absorber cannot store sufficient thermal
energy during diurnal hours. Furthermore, the absorber
sharply reacts to the ambient temperature at night due to
the high heat conductivity of steel and high convection
rate. These issues caused the absorber temperature profile
to ascend and descend quickly by increasing and
decreasing the incident solar energy.

Interestingly, the absorber temperature is slightly
affected by m,ir, and the absorber temperature profiles
only have a small difference, nearly 3 °C, at their peak
values. Indeed, using the perforations and cross-flow
configuration provide a high convection rate and
turbulency in the SAH. This issue causes that increasing
the mass flow rate, which has the same effects (high
convection rate and turbulency), does not significantly
affect the dynamics of the SAH like conventional SAHs.

Figure 5 shows the measured outlet temperature
during experimental runs. The measured outlet
temperature depends on the inlet air temperature,
convection rate, and absorber temperature. The absorber
temperature shows the utmost potential temperature of
the outlet temperature. Many investigations attempt to
increase the convection rate and reduce the temperature
difference between the hot absorber and outlet air
temperatures. Interestingly, the maximum difference
between the absorber and outlet temperatures reached
nearly 6 °C and 7 °C for mair = 0.015 kg/s and 0.03 kg/s,
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Figure 4. Measured absorber temperature

respectively. Furthermore, the temperature difference
between the ambient and outlet temperatures is higher
than that between the absorber and outlet temperatures.
This crucial issue reveals a high convection rate in the
SAH.

The outlet temperature has the same trend as the
absorber temperature, or in other words, the outlet
temperature increases by increasing the absorber
temperature and vice versa. As shown in Figure 5, at the
beginning of the morning and in the afternoon, the outlet
temperature profiles lay on top of each other like the
absorber temperature profiles. In the absence of incident
solar energy, the outlet temperature reaches the ambient
temperature by nearly 4:00P.M., and these temperatures
have the same value at night. However, the outlet
temperature sharply reacts to incident solar energy at the
beginning of the morning for the next day and increases
in a steep gradient.

Interestingly, the outlet temperature reaches slightly
below the ambient temperature at night. Since the
incident solar radiation is zero at night, the absorber
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Figure 5. Measured outlet temperature
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temperature exchanges radiant energy with the black sky
and ambient environments. Hence the absorber
temperature reaches slightly below the ambient
temperature. This issue causes the air passing through the
cold absorber to experience temperatures below the
ambient temperature at night for a few hours.

Figure 6 shows the useful harnessed heat by the
constructed SAH for each hour during the experiments.
As seen in Figure 6, the harnessed thermal energy by the
SAH increases in the morning until noon, then decreases
in the afternoon by reducing the incident solar radiation.
The peak values of the harnessed heat occur at periods
when the outlet temperature attains its maximum value.
The maximum values of the hourly harnessed heat for
mMair = 0.015 kg/s and 0.03 kg/s were nearly 220.8 kJ and
372.2 kJ, respectively. The obtained maximum values
illustrate that the mass flow rate is doubled, but the
maximum harnessed heat has increased by nearly 68.8%.

The harnessed heat has negative values at night for a
couple of hours before sunrise, which reveals that the
flowing air loses its heat content in some nighttime
periods. It is required to note that the harnessed heat
remains within a band of 10% around its peak values, or
in other words, the harnessed energy varies in a range of
340 = 30 kJ and 190 = 20 kJ during 4 hours from
10:00A.M. to 2:00P.M. for both air flow rates, mair. This
issue proves that utilizing the perforations and cross-flow
configuration provide a high convection rate in the SAH
that the heat is sufficiently extracted from the hot
absorber plate by the flowing air.

The harnessed energy has a steep gradient at sunset
and sunrise, also seen in the outlet and absorber
temperature profiles. Since the SAH has no heat storage
system and the absorber has high thermal conductivity,
these steep gradients occur when the incident solar
energy significantly varies.

Harnessed Thermal Energy for m = 0.015 kg/s

and 0.03 kg/s
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Figure 6. Calculated harnessed thermal energy
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Table 2 summarized the daily thermal efficiency of
the cross-flow perforated SAH . As shown in Table 2,
the calculated efficiency for mar = 0.015 kg/s and
0.03 kg/s.reached to 53.2% and 78.6%, respectively.
Since various types of SAHs are available, a wide
range of thermal efficiency has been reported for these
SAHSs. However, the daily thermal efficiency of nearly
78.6% is high, which illustrates that utilizing the
perforations and cross-flow configuration are effective
techniques, significantly improved the daily thermal
efficiency.

Table 3 briefly compares perforated SAHs, different
types of perforation methods, and obtained thermal
efficiencies. This table illustrates that perforated
absorbers are a suitable replacement for artificially
roughened absorbers. Furthermore, Table 3 reports
studies that assess various perforated SAHs. These SAH
types have high thermal efficiency; however, they are
expensive and technically complicated compared to the
introduced square cross-flow perforated SAH. Hence, the
square cross-flow perorated SAH are cheap, applicable,
compact collectors with high thermal efficiency.

Table 2. Calculated daily thermal efficiency

Daily Thermal Useful Harnessed
Mass Flow Rate Efficiency Energy
Mair = 0.015 kg/s 78.6% 2643 kJ
Mair = 0.030 kg/s 53.2% 1790 kJ

Table 3. Brief comparison between different perforated SAHs
types

Thermal
Reference SAH Type Efficiency
Shetty et al. Circular cross-flow perforated 72.8% to
[19, 20] SAH 75.55%
Farzan and Double-pass perforated SAH 49.1% to
Zaim [23] using porous materials 66.1%
Saravanan et SAH with staggered C-shape 68.8%
al. [21] perforated finned absorber o7
Farzan and Combined metallic/asphalt
Zaim [25] SAH using inclined 80%

perforated absorber
Arunkumar et SAH with rectangular 83.01% to
al. [11] perforated duct inserts 87.06%
Current study Square cross-flow perforated 78.6%
SAH
CONCLUSION

The present study introduced a novel square cross-flow
perforated SAH and analyzed this collector at outdoor
conditions to monitor its heat dynamics and thermal
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performance. Using perforations and cross-flow
configuration produces high turbulency that causes a
high convection rate in the SAH. Since SAHSs suffer from
a weak heat convection mechanism and low thermal
efficiency, producing high turbulency and heat exchange
rates increases the thermal efficiency of SAHs. To
examine the utilized thermal enhancement techniques, an
experimental setup was fabricated and several sensors
were employed to measure crucial parameters, including
ambient factors, absorber, and outlet temperatures. The
obtained results concluded that:

« At noon, the absorber temperature for mar =
0.015kg/s and 0.03 kg/s reached to the highest value of
44 °C and 41 °C, respectively. Interestingly, the
maximum values of the measured outlet temperature
were close in the scenarios considered.

» The outlet temperature reached to the maximum
values of 38 °C and 34 °C, which is only 6 °C and 7 °C
lower than the peak values of the absorber temperature
for mair = 0.015 kg/s and 0.03 Kkg/s, respectively. This
crucial issue revealed a high heat exchange rate in the
SAH between the absorber and flowing air.

e The absorber and outlet temperature reacts
quickly to the incident solar radiation and increases and
decreases rapidly by increasing and decreasing the solar
radiation. Indeed, the constructed SAH has no storage
system. This issue caused the system to react quickly to
the variation of the incident energy.

« The harnessed heat represents the same trend as
the absorber and outlet temperatures at the beginning of
the morning and in the afternoon. Furthermore, the
harnessed thermal energy remains within a band of 10%
around its peak values for 4 hours .

* In other words, providing a high heat exchange
rate in the SAH causes the harnessed heat to vary
between 340 + 30 kJ and 190 + 20 kJ during 4 hours from
10:00A.M. to 2:00P.M. for two considered air mass flow
rates.

e The calculated efficiency of the cross-flow
perforated SAH is nearly 53.2% and 78.6% for mair =
0.015 kg/s and 0.03 kg/s, which are high values compared
to available SAHSs types .

* In conclusion, the square cross-flow perforated
SAH is cheap, applicable, and compact with high thermal
efficiency. These specifications enhance this SAH type
to have the potential to be utilized in wide heating
applications .

For further studies, it is suggested that the square
cross-flow perforated SAH is integrated with a heat
storage unit to prolong its operating period and
improve its thermal efficiency. Since this SAH
provides a high heat exchange rate, utilizing an integrated
heat storage unit can further increase its thermal
efficiency.
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