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ABSTRACT: To improve the heat transfer rate and thermal performance of the solar air heater due to low efficiency,
new techniques, such as artificial roughness, barriers, and obstacles, should be used to increase the heat exchange
between the fluid and the absorber. In this research, perforated V-shaped blockages with new geometric shapes, which
are circular, hexagonal, square, rectangular, and triangular, were used. They were fixed on the absorber plate inside the
channel with dimensions of 1.5 m x 0.5 m x 0.05 m, which increased the exit temperature of the air passing through
the channel. The experimental work consists of six cases that were carried out during November in Baghdad, Iraq, to
obtain an optimal result. These cases included using barriers that have holes with different geometric shapes for the
barriers inside the solar air heater in addition to the reference case without any barriers. A comparison is made between
the cases under the same conditions and limits to reach the optimal case. The range of mass flow rate was from 0.0098
to 0.049 kg/s, and the range of Re was from 2000 to 10,000. Another goal of the comparison was to maximize Nu and
minimize the friction factor. The Nu value improved by 1.77 and the fraction factor by 1.75 for the hexagonal perforated,
which had the best performance. As for the triangle perforated, Nu improved by 1.58 and the fraction factor by 3.84,
which had the worst performance. The Nu value improved by 1.39, 1.22, and 1.4, and the fraction factor improved by
1.967, 1.28, and 2.33 for square, circular, and rectangular, respectively. The thermal efficiency is evaluated by analyzing
the heat losses from convection with the surrounding air and long-wave radiation exchange with the atmosphere. The
experimental results indicated that using barriers with hexagonal holes is the best performance.
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1 Introduction

Since ancient times, the heat of the sun has been harnessed for use in everyday life for heating and
drying agricultural crops and product power. The sun has always been the primary source of energy on
this planet [1], which can cover the annual global energy demand [2]. As the demand for energy increases
with the development of civilization, it is necessary to rely on sustainable energy sources to achieve the
energy and climate goals of reaching zero emissions globally by 2050 using low-emission energy. Burning
fossil fuels represents 81% of energy supplies, but burning them has a negative impact on the environment,
causing global warming. Therefore, it is necessary to transition to various renewable sources [3-5]. One way
to exploit the sun’s energy is to use a solar air heater (SAH) [6-8], which converts the sun’s energy into
useful thermal energy for heating and drying applications [9-11]. Air is ineffective in solar heaters due to its
low thermal conductivity value [12]. Therefore, researchers in the literature have used multiple methods to
increase the heat transfer between the absorbent plate and the air. Researchers have used various geometric
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shapes and designs for fins, obstacles, barriers, ribs, and artificial roughness to create a disturbance in the
airflow by generating vortices. Breaking the viscous boundary sub-layer at the absorption plate’s surface
increases the heat transfer rate [13-17]. One of the most common methods in the literature involves the
use of V-shaped baftles in various designs to create artificial roughness. Different relative roughness widths,
whether blocked, broken, or perforated, gave rise to trouble [18,19]. This was an experiment that used V-
shaped perforated blockages to improve heat transfer. The holes were of different geometric shapes with
different circularity (y) values, and the open area ratio (f), angle of attack (a), relative roughness pitch
(p/e), relative blockage height (e/H), and duct width to height ratio (W/H) were all changed. The study
determined that non-circular perforation holes performed best at 0.69, with p/e and e/H having an impact
on the Nusselt number and fraction factor. The best thermal-hydraulic performance parameter THPP was
3aty =0.69 B =20%, a =60, e/H =08, p/e =8, and W/H = 10 [20-22]. Therefore, we numerically
investigated the thermohydraulic effects of varying the number and placement of holes in rectangular
winglet vortex generators within a solar air heater. It showed that single-hole generators created larger, more
organized vortices that improved heat transfer Nu compared to multi-hole generators. The friction factor
f stayed mostly the same because the blockage ratio stayed the same [23]. Furthermore, references [24,25]
an experimental study examined the effects of transverse baffles that are perforated and have square wings
and solids on heat transfer and friction factor in a rectangular duct with e/H being 0.3. When compared
to transverse solid baffles, using perforated baftles with square wings raised the Nusselt number (Nu) and
lowered pressure losses. The thermal performance factors (THPP) were highest for square wings at 1.13.
References [26,27] performed a numerical analysis of the thermohydraulic performance to compare the
use of transverse obstacles with V-shaped obstacles at different angles of attack. The best heat transfer rate
was at a transverse obstacle, but it had the greatest pressure drop, whereas the lowest pressure loss was at
V-shaped obstacles. References [28,29] conducted an investigation into the numerical characteristics of
discrete V-shaped perforated baftles used as artificial roughness. They found that these baffles had an e/P
ratio of 6, an e/H ratio of 23%, and an e/H ratio of 60°. Therefore, the best hydraulic thermal performance
was achieved by THPP 2.24. A study by Jain et al. has an e/H of 0.4, and this value decreases as the e/H
ratio increases, while the Nusselt number is enhanced by 4.25 at e/H 0.5 and the friction factor is enhanced
by 14.7 at e/H 0.6 [7]. Where, a study by Raturi et al. [26] used numbers to look at a solar air heater that
had V-shaped baffles on the absorber plate. The study was done with B = 20%, baffle circularity = 0.7,
e/H =1, p/e =38, and = 60. It was 33.7% more efficient than a return flow solar air heater without baffles on the
absorber plate. They found a relationship between fraction factor fand a, as the turbulence, contact time, and
boundary layer disruption increase, and the highest value is at a = 50°. Here, the Stanton number improves
by 1.196, and the efficiency improves by 1.14 at p/e = 40, e/h = 0.01, Re = 3000 [1]. Furthermore, numerically
tested CFD methods to determine the optimum angle of attack for V-shaped artificial roughness, the best
performance was 60 [27].

Furthermore, numerically experimented with various geometric shapes as artificial roughness found
the best THPP at rectangular baffles was 2.28 [28], experimental study on the design of straight aluminum
fins, 0.01 m long, with intervals between them 0.02 m, 0.06 m high, with duct height 0.08 m, arranged in
a V-ship pattern at an angle of 45. Was tested in the Kingdom of Saudi Arabia at several inclination angles
for the collector and was found that the best inclination angle in the summer was 20°, where it obtained
the highest thermal performance, so the overall efficiency was 38.2% and the exergy efficiency was 26.4%,
with an increase in temperature in the heater by 29.8°C. In an experimental study [29], baffles with different
inclination angles were installed to improve the heat transfer coefficient through convection. The best value
was the inclination angle { is 90, while the pressure drop was less in the isolated installation at inclination
angles 45° and 135°. The optimum hydraulic thermal performance was achieved at an inclination angle of
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45°. Furthermore, study [30] analyzed the numerical parametric of a new proposal for a rib with a circular
perforated configuration. Initially, the analysis focused on determining the optimal distance between the
ribs, followed by testing the impact of the distribution and number of holes in the ribs. It was the best
performance when the pitch distance was 0.1 m with five circular perforated geometries; Nu improved by 8.5
and the fraction factor improved by 4.76, and THHP was 5.32 [31,32]. In the previous literature, the V-shape
baftles were used as one of the most promising roads, but the use of perforated barriers was not addressed by
researchers enough. This study proposed new perforated designs, specifically hexagon and triangle holes, as
innovative solutions. Due to the unique geometric properties of this new design, the hexagonal holes’ obtuse
angles will result in a smoother flow, while the triangular holes’” sharp angles will increase flow turbulence
and the formation of vortices.

In this study, V-dawn perforated baftles with different geometric hole shapes (circle, hexagon, square,
rectangle, and triangle) are analyzed, characterized by circularity values (y) of 1, 0.952, 0.886, 0.868, and
0.773, respectively. Additionally, experimental equations are developed to predict the Nusselt number and
friction factor for these designs, enabling a comprehensive understanding of their thermal-hydraulic perfor-
mance.

2 Experimental Work

In this current study, the experimental work consists of a solar air heater (SAH) that uses materials
available locally and is not expensive. The SAH consists of a rectangular duct that has dimensions of 1.5 m in
length, 0.5 m in width, and 0.05 m in height from a wooden frame. Transparent glass covers the topside of
the duct. The absorbent plate was made of aluminum because it has a higher thermal convection coeflicient
than galvanized iron and is more expensive than copper. The plate was 1.5 m by 0.5 m and 0.003 m thick. It
was painted black to help it absorb heat and transfer heat better. Different geometrically designed perforated
barriers were put on top of it to see how they affected thermal and hydraulic performance. A blower was
used to force airflow. A digital manometer was used to measure the difference in pressure between the duct’s
inlet and outlet, and a solar meter was used to measure the amount of solar radiation. K-type thermocouples
were fixed inside the duct and connected to an Arduino to measure the temperatures. An anemometer was
used to measure the speed of the flow in the duct. The experiment was done for six study cases, which
contain different geometric perforated baffles inside the SAH duct. Fig. 1 shows the installation system, Fig. 2
shows the system structure, and Fig. 3 shows the dimensions of each case. Tables 1 and 2 summarize all the
parameters used in this study.

Case 1: Smooth absorbent plate used to compare the results.

Case 2: V-dawn perforated baffles on an absorbent plate with circular holes have an open area ratio  of
23.5% and a circularity of 1.

Case 3: V-dawn perforated baffles on an absorbent plate with hexagonal holes have an open area ratio
B of 19.48% and a circularity of 0.952.

Case 4: V-dawn perforated baffles on an absorbent plate with square holes have an open area ratio p of
30%, and circularity is 0.886.

Case 5: V-dawn perforated baffles on an absorbent plate with rectangular holes have an open area ratio
B of 45% and a circularity of 0.868.

Case 6: V-dawn perforated baftles on an absorbent plate with triangle holes have an open area ratio
0f 15.86%, and circularity is 0.778.

Where Circularity v is representative of the closeness of the hole to the circular shape, it is the ratio of
the equivalent perimeter p of the equivalent circle having equal cross-section area for the non-circular hole
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area to the perimeter of the non-circular hole p. value of the circularity between 0 and 1. References [20-22]
and the open area ratio { is the total area for holes in the baffle to the area of the block.
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Figure 1: Control system installation in this study

Figure 2: Physical construction of solar air heater system



Front Heat Mass Transf. 2025;23(2) 707

Case 2 y g Thak Case 3 2‘0;“[“

40mm’

Case 6 AT

Figure 3: Dimensions of the solar air heater system adopted in the current work

Table 1: Parameters study

Parameter Range
Roughness parameters
Relative roughness pitch p/e 3.5
Relative blockage height e/H 1
Duct width to height ratio W/H 10
Angle of attack a 60°
Open area ratio 23.5%, 19.48%, 30%, 45%, 15.86%, respectively
Circularity y 1, 0.952, 0.886, 0.868, 0.773, respectively
Collector parameters
Height of duct H 0.05m
Width of duck W 0.5m
Length of duck L L5m
Pitch P 0.175 m
Thickness of baffles t 0.003 m
Length of limb b 0.2894 m
Width of absorbent plate 0.5m
Length of absorbent plate 1.5m
Thickness of absorbent plate 0.003 m
Plywood thickness 0.018 m
Thickness of glass 0.004 m

Table 2: Physical parameters

Parameters Value Reference
Emissivity of glass g, 0.88 [32,33]
Transmittance-absorptance of 0.8 [32,33]
glass 7a
Emissivity of Paint/absorber 0.9 [32,33]
plate &,

(Continued)
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Table 2 (continued)

Parameters Value Reference

Air density p 1.225 kg/m’ [7,32]

Air conductivity K 0.0242 W/K*m [7,32]

Air specific heat Cp 1.006 KJ/kg*K [7,32]
Air viscosity p 1.7894*107° kg/m*s [7,32]
Aluminum density 2719 kg/m’ [7,34]
Aluminum conductivity K 237 W/K*m [1,34]
Aluminum specific heat Cp 871]/kg*K [7,34]

3 Experimental Measurement and Analysis

The outdoor experiment was performed in Baghdad. In this context, the experiment was conducted
outdoors at 33°N and 44°E during November. The experiment was done for six study cases. All the essential
parameters were measured and recorded: temperatures, mass flow rate, and solar radiation, at average values
calculated from these parameters [21-25].

In a rectangular duct, air velocity V determines the mass flow rate m® [30].

m°=px*Vx*WxH (2)

Reynolds number for air flow through duct calculated as [21-25]:

_ Vxpx*Dy

Re (3)
i
where y is the air viscosity, p is air density, and Dy, is hydraulic diameter for rectangular duct [30].
_4xHxW @)
"T2H W)
The heat transfer rate Q from the heated plate to the flowing air was determined similarly to [30]:
Q:mo*CP*(TD—Ti) (5)

where T, indicates the average air outlet temperature and T'; represents the average air inlet temperature.

The heat transfer coefficient Q was determined by using heat transfer rate [21-25].

Q

[ S
AP*(TP_Tf)

(6)
where A, it is the plat area, T, is average plate temperature, and Ty is average fluid temperature in duct

— T0+T[
Ty ==

Nusselt number determined as [30]:
_ h * Dh
ok

Nu (7)

The heat conductivity coefficient for air is represented by K [21-25].
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2

The Darcy-Wiesbach equation [21-25,30] determined the friction factor from the pressure drop due to
the used baffles.

2% AP % Dy,

R AT ©)

Except for the smooth case, the Blasius equation was used to determine the smooth fraction factor f

f=0.79 + Re™"? )

Thermal efficiency for the collector was determined using Eq. (10) below:

Q
p*

n= i1 *100% (10)

where I illustrates the average solar radiation incident on the collector.

The thermohydraulic performance parameter is a way to measure how heat transfer is improved and
frictional losses are reduced in a collector that has been made to look rough. The determination of this
parameter takes into account both the thermal efficiency and the pressure drop resulting from flow resistance,
as demonstrated in [21-23,30].

Nu,
THpPP = Y% )

3/

s

where Nu,, and f, illustrate number and fraction factor, respectively, used for surface enhancement, Nu,
and f represent the Nusselt number and fraction factor, respectively, for smooth surface.

4 Results and Discussion

The Nusselt number and friction factor characteristics of a rectangular duct equipped with V-shaped
perforated blocks as a function of geometrical blockages and operating parameters of the system are being
discussed below. We recorded the average temperature and solar radiation intensity for the entire duration of
the test in November (Fig. 4). The average temperature during the day was about 15°C, and the solar radiation
was about 765 W/m?.
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Figure 4: Average solar radiation and air inlet temperature during all experimental
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As the Reynolds number increases, the temperature decreases due to the increased flow velocity, which
does not allow the air to gain heat where the air does not have enough time to heat, as shown in Fig. 5. In case
3, the highest temperature was reached with an improvement of 66.5% at Re = 2000. Because of its hexagonal
geometric shape holes, it has created more eddies than another case, so the temperature has a higher increase
percentage, and with increasing flow, the temperature decreased to reach a maximum gain of 40% at Re =
10,000 compared to the smooth case (case 1). Case 6 was the second-best case, while the lowest recorded
air outlet temperature was at case 2, due to the fact that the circular holes were unable to be a sufficient
disturbance to generate eddy comparison with other cases. The convective heat transfer coefficient and the
Nusselt number both go up as the Reynolds number goes up (Figs. 6, 7). This is because adding baftles makes
the air more turbulent. The Nestled number improves by 1.7 and the heat transfer coefficient by 1.8, so Re =
2000 for case 3. As Re increases, Nu and f increase, so the improvement becomes 1.58 and 1.53, respectively.
The improvement for the rest of the cases is in sequence from highest to lowest, thus case 6, case 4, case 5,
and case 2. As for the fraction factor Fig. 8, it decreases with increasing Reynolds number, and its highest is
in case 6, where due to the triangular shape, air turbulence increases significantly, followed by case 5, then
case 4, case 3, and case 2 was decreases, respectively, in case 2 the fraction factor was the lest due have smooth
corners unlike other shape. The use of barriers significantly increased both efficiency (FTTH, Figs. 9-10),
and the best performance was for case 3. It had Re = 6000, so the efficiency was 98%, and FT'TH was 1.35. Re
= 8000 yielded 95% efficiency and 1.47 FT'TH due to its hexagonal shape. This created turbulence in the air,
leading to a significant increase in Nu and h values, while the fraction factor experienced a moderate rise,
thereby reducing pressure losses. Next in performance is case 6, which has a triangular shape, as it reduced
air turbulence well but caused an increase in the fraction factor. Case 2, with its circular hole, was less efficient
than case 4 and case 5, but its FT'TH management was superior due to its lower fraction factor.
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Figure 5: Average outlet temperature
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Figure 6: Average Nusselt number
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Figure 7: Heat transfer coeflicient by convection with various in Reynolds number
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Figure 10: THPP with Reynolds number

In practical experiences, there is always a mistake between the measured value and the true value. This
difference in uncertainty occurs due to the limited accuracy of the measurement devices. Table 3 shows
the accuracy of the devices used in practical tests. Therefore, any parameter calculated based on these
measurements includes a simple error percentage, but these proportions are few and do not affect the general

results. So you can always trust the results.

Table 3: Uncertainty of the measuring instrument

Measurement device  Unit Range Uncertainty
Solar meter W/m? 0to 1999 +0.1 W/m?
anemometer m/s 0to 30 +0.5%
Manometer hpa 0to 150 0.1 hpa

Thermocouple type K C —-40 to 1300 0.25C°
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5 Correlations

To find out what the Nusselt number and friction factor are, we looked at the relative pitch ratio, relative
blockage height, open area ratio, angle of attack, and circularity of the blockages, as well as the Reynolds
number, which is a flow parameter. Therefore, we can state the functional relationship between the Nusselt
number and friction factor using these parameters:

Nu = fi (Re,y) (12)

f=fa(Re,y) (13)

The relationship between the Nusselt number and the Reynolds number can be established by the fact
that forced convection heat transfer always results in a power law of the form given below:

Nu=Ax*Re" (14)

where A indicates the intercept and # slope of lines, the logarithmic form of the Nu equation can be written
asin Eq. (15) and solved by Eq. (16).

log Nu =log A + n = logRe (15)

Y=C+mxX (16)

By comparing the experimental values of the Nusselt number and the values predicted by the correlation
for Nu (Figs. 11 and 12) it is found that the average values of the regression coefficient of this correlation are
0.803 (Table 4). R? is the coefficient of determination that shows the extent to which the distribution fits the
data. Its value is between 0 and 1. A value of R? = 1 means that the distribution has a perfect fit, while a value of
R* = 0 means that the fit is fragile. The Root Mean Squared Error values for each case are 10.55, 14.769, 64,
13.957, 12.85, 9.18, and 14.77, respectively. The Average Absolute Deviation for each case is 8.19, 10.89, 11.51,
10.19, 7.6, and 12.5, respectively. And the error percentages for each case are 13.3%, 14.3%, 11.6%, 12.69%,
9.35%, and 14.47%, respectively. Therefore, we can conclude that this work’s developed correlation accurately
predicts the Nusselt number values.
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Figure 11: Nusselt number correlations
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Table 4: Values of intercept A and slope n of Nusselt number lines for Fig. 11

Case no. ¥ Value of intercept A Value of slope n R

1 - 0.4071 0.571 0.7869
2 1 0.8941 0.5039 0.7056
3 0.952 1.1943 0.5083 0.8254
4 0.886 0.7318 0.5406 0.8097
5 0.868 0.8482 0.5218 0.871
6 0.773 0.631 0.5696 0.8197
Average 0.9092 0.535866 0.803

Moreover, by comparing the experimental values of fraction factor and the values predicted by the
correlation for fraction factor (Figs. 13, 14, and Table 5), it is found that the Root Mean Squared Error for
each case is 0, 0.065, 0.599, 0.065, 0.052, and 0.0577, respectively. The Average Absolute Deviation for each
case is 0, 0.049, 0.042, 0.0458, 0.0335, and 0.051, respectively. And the error percentages for each case are 0%,
15.2%, 9.2%, 8.74%, 5%, and 7.97%, respectively. Thus, it can be concluded that the correlation developed in
this work can predict the values of the fraction factor with reasonable accuracy.
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Figure 13: Fraction factor Nusselt number correlations
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Table 5: Values of intercept A and slope n of fraction factor lines for Fig. 13

Case no. v Value of intercept A Value of slope n R

1 - 0.79 -0.2 1

2 1 537 -0.896 0.828

3 0.952 800 -0.905 0.9274

4 0.886 303 -0.777 0.896

5 0.868 903 -0.889 0.966

6 6 74 -0.559 0.929
Average 436 -0.6111

Also, a comparison of the value of the Nusselt number between this study and the Tabish study [14]
in Fig. 15 at y = 1 at the same Reynolds number was conducted. In this regard, in case of the Reynolds number
values were low, there was a good match between both studies. Still, when the Reynolds number values were
high, a difference occurred due to the difference in operating conditions between the two studies, where the
Tabish study was indoor. Still, in this study, the experimental conditions were outdoors in November.

200
180

160

140
120
= 100
80
60
40 P =
—@—in this study at y=1

2 —#—in tabish study at =1

0
2000 4000 6000 8000 10000

Re

Figure 15: Comparison of the value of the Nusselt number between this study and tabish study
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6 Conclusion

The research on enhancing the performance of solar air heaters identifies two main forms of artificial
roughness, ribs and baffles, used to increase the efficiency of these heaters. Each category was further
classified according to its shapes, sizes, orientations, and arrangements. Previous studies indicated the need
for a comprehensive investigation into how baffle placement on the bottom plate affects airflow and efficiency
in solar air heaters. In this work, the test apparatus consisted of a solar air heater (SAH) with perforated
V-shaped blockages attached to one broad wall. The outdoor experiment was conducted in Baghdad at 33°N
and 44°E during the month of November in the open air, where the tests started at 8 am and ended at 4 pm,
and the average values were taken for each case. We also integrated the air temperature in the air duct of the
solar air heater. We looked into what happened to the local convective heat transfer coefficients (Nu and ff)
when we used perforated baffles with different geometrical shapes. Based on the following points, we can
summarize the conclusions:

o The highest value of Nu was achieved at 155 in case 3, and for case 6, it was 129.94 at Re 10,000.

o Thelocal convective heat transfer coefficient of the channel increases at the beginning of the air channel
for each Re.

o  The friction factor went down as Re went up in all the cases that were looked into. This was because there
were more turbulent eddies at high mass flow rates, which made friction less important.

o The thermal efficiency estimation was performed by analyzing the heat losses due to convection with
the outside air and long-wave radiation exchange with the sky. It was seen that the thermal efficiency is
higher when Re is high. This suggests that adding baffles improves efficiency, which is especially clear in
case 3.

o The best thermohydraulic performance parameter was 1.472 at Re 8000 for case 3, and the maximum
thermal efficiency was 0.98% at Re 6000 for case 3.

o Thebestincrease in temperature was achieved using the hexagonal perforated, followed by the triangular
and then the circular; the maximum values were 67°C, 65°C, and 61.6°C, respectively.

According to the above, case 3 with the hexagonal hole performed the best due to its distinctive design,
which increased air turbulence and raised the Nu value without increasing the Fracture Factor significantly.
This was followed by case 4 with a square hole, which had an FTTH of 1.14, indicating a suitable increase
in both Nu and Fair Factor. Followed by case 2 with a circular hole, as he did not generate a major disorder
because it does not contain sharp corners, but the Fraction Factor was few, while the worst design was
case 4 with a rectangular hole and then case 6 with a triangular hole, as they had a huge Fraction Factor,
which FTTH was 1.06 and 1.01, respectively. In future work, we recommend that these models be tested in
various weather conditions and with different values of open area ratios for the perforated hexagonal and
triangle holes.
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Nomenclature

p/e Relative Roughness Pitch

e/H Relative blockage height

W/H duct width to height ratio

H Height of Duct, (m)

W Width of Duck, (m)

L Length of Duck, (m)

P Pitch, (m)

t Thickness of baffles, (m)

b Length of limb, (m)

K Thermal convection coefficient, (W/K*m)
h heat transfer conductivity coeflicient
Cp specific heat, (KJ/kg*K)

i Viscosity, (kg/m*s)

D, hydraulic diameter, (m)

Re Reynolds number

Nu Nusselt number

f fraction factor

m° mass flow rate, (kg/s)

Q heat transfer rate, (watt)

T; Air inlet temperature, (C°)

T, Air outlet temperature, (C°)

Ty fluid temperature, (C°)

T, plate temperature, (C°)

Ap Plate area, (m?)

I solar radiation incident, (W/m?)
THPP thermohydraulic performance parameter
Greek Symbols

a angle of attack, (degree)

B open area ratio, (percentage)

\ Circularity ratio

g Emissivity of Glass

€ap Emissivity of Paint/absorber plate
Ta Transmittance-absorptance of glass
p Density, (kg/m?)

n thermal efficiency for collector, percentage
Subscript

i outlet

0 inlet

f fluid

p plate

s smooth

r Non-smooth
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Abbreviated
SAH Air solar heater
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