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Abstract

This research article aims to provide a detailed numerical study of the multifaceted impact of S-shaped and broken arc
roughness on solar air heaters. Therefore, a strong comparison was made between the modified heaters and smooth heaters
for Reynolds numbers ranging from 2 000—22 000. Also, the impact of two parameters, i.e. pitch and gap was analyzed to
optimize the performance of the heater. The gap varies from 0.3 mm to 0.9 mm in both types of ribs with a step size of
0.2 mm. Afterwards, the pitch distance between both types of roughness was varied from 15 mm to 25 mm in the step size
of 5 mm. Notably, it has been observed that among all the considered configurations, the gap length of 0.9 mm and pitch
length of 25 mm have shown significant improvements in heat transfer characteristics. The specific combination of the gap
of 0.9 mm and pitch of 25 mm has demonstrated better heat transfer capabilities at the expense of an increased friction
factor. Lastly, the thermal performance factor of the systems was analyzed and reported. It was reported that the pitch
length of 25 mm and gap length of 0.9 mm have shown a maximum thermal performance factor value from 2.9 to 3.3,
while the pitch length of 25 mm and gap length of 0.3 mm have depicted the lowest thermal performance factor value. In
terms of the overall performance, i.e. the thermal performance factor, the combination with a gap of 0.9 mm and pitch of
25 mm has shown the best performance, while a gap of 0.3 mm and pitch of 25 mm has yielded the worst performance.
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past few decades [1]. Its application can be seen in various sec-
tors e.g., heating and cooling industries, water desalination, gen-
eration of electricity, automobile industries and so on [2-4].
However, harnessing the potential of solar energy always re-
mains a challenge. Adding to this literature, Jani [5] has sug-
gested solar air heaters (SA-heaters) as the best medium for har-
nessing solar energy in the form of heat.

1. Introduction

The combustion of conventional fuels, including coal, oil, and
natural gases releases harmful gases with significant adverse ef-
fects on the environment. The limited availability of these con-
ventional fuels has driven towards alternative sustainable and
reliable sources, such as solar energy, wind energy, tidal energy,

and more. Solar energy has emerged as a leading contender
among these alternatives playing a pivotal role in reducing our
dependency on conventional fuels by a substantial 40 % over the

SA-heaters transfer thermal radiation from the sun to the
working fluids i.e., air. However, SA-heaters deal with the in-
herent drawback of lower thermal efficiency due to the low
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Nomenclature

Cp — specific heat, J/(kgK)

f  —friction factor

G —gap length in broken arc and broken S-shaped ribs, mm
k —thermal conductivity, W/(mK)
Nu — average Nusselt number

p —pressure, Pa

P —pitch, mm

Pr — Prandtl number

Re — Reynolds number, Re = Dvp /u
T —temperature, K

TPF —thermal performance factor

t —time,s

u,v,w —velocity components, m/s

thermal conductivity of air and reduce heat transfer from the ab-
sorber plate to the air. The airflow in SA-heaters is more often
in a turbulent regime due to which thin laminar viscous sub-lay-
ers are formed near the absorber plate. Therefore, this laminar
viscous sublayer can adversely affect the heat transfer rate [6].
To break the laminar viscous layer, various arrangements have
been proposed on the absorber plate. Also, the similarity in the
working of SA-heaters with various equipment like heat ex-
changers, car radiators, etc., is often considered by design re-
searchers [7-9]. The use of artificial roughness like baffles, ribs,
twisted tapes, dimples, etc., can mitigate the current associated
problems [10-13].

A solar air heater with ribs of a square, rectangle, chamfered,
circle, semi-circle, and triangle shape was investigated compu-
tationally by Chaube et al. [14]. The most effective thermo-hy-
draulic performance was reported for rectangular ribs. Addition-
ally, it was observed that the data value is precisely predicted by
the k-omega SST model, which is the shear stress transport tur-
bulence model. Similarly, W-shaped ribs in upward and down-
ward directions were analyzed by Lanjewar et al. [15]. It was
observed that W-downward ribs have better thermo-hydraulic
performance compared to W-upward ribs. Apart from this, mul-
tiple broken arcs and circular protrusions were used as rough-
ness in a solar air heater in a novel way by Semalty et al. [16]. It
was observed that multiple broken arcs and circular protrusions
designs significantly enhance the solar air heater thermal perfor-
mance with the least amount of frictional pressure drop. Further-
more, a numerical analysis was performed, by roughening the
absorber plate with 45° Z-shaped baffles [17]. It was reported
that a desirable blockage ratio of 0.3 produced optimum perfor-
mance.

Different shape of tabulators has a significant impact on en-
hancing the performance of SA-heaters. Therefore, Ghildyal et
al. [18] propose three different shaped turbulators i.e., D-shaped,
reverse D-shaped and U-shaped for SA-heaters. It was observed
that the U-shaped turbulator performs better in terms of overall
performance compared to the other two configurations. Singh et
al. [19] analyzed the effect of dimple roughness in S-shaped pat-
terns in SA-heaters through computational work. For all ar-
rangements, the dimple dimension of 2.8 mm and relative pitch
roughness of 10 at the Reynold number (Re) of 20 000 resulted
in the highest thermo hydraulic performance value of 2.15.
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X, ¥, Z— coordinates

Greek symbols

a - thermal diffusivity, m?/s
u —dynamic viscosity, Pa-s
p —density, kg/m3

Subscripts and Superscripts
in —inlet

r —roughened

S —smooth

Abbreviations and Acronyms
TPF — Thermal Performance Factor
SA-heater — Solar Air heater

Apart from this, nanoparticles play a vital role in the thermal
industry for obtaining better heat transfer rates [20]. However,
due to their own advantages and disadvantages, hybrid nanoflu-
ids came into existence and may offer a tradeoff between them.
For instance, Asghar et al. [21] performed a numerical study on
the impact of hybrid nanofluid (Al,Os-Cu base) over vertical
shrinking sheets using partial slip conditions. From this study,
the enhancement in heat transfer was observed along with the
rise in thermal slip and temperature distribution. Additionally,
the influence of various parameters such as the concentration of
nanoparticles, viscous dissipation, Biot number, thermal radia-
tion and suction effect were investigated on shrinking surfaces.
The study was performed using MATLAB tool using the bvp4c
algorithm. During the study significant improvement in heat
transfer was observed for hybrid nanofluid, compared to base
fluids [22]. Moreover, the paper [23] investigated radiative 2D
flow over a horizontal surface. The combined effect of mag-
netic, suction and velocity slip conditions was analyzed with hy-
brid nanofluids. The Eckert number was found to be an influen-
tial parameter to study. It has been observed that with the rise in
the Eckert number, the increased temperature of the hybrid
nanofluid resulted in a higher heat transfer rate [24-27].

Based on the literature study, turbulator shapes and hybrid
nanofluids can significantly affect the thermo-hydraulic perfor-
mance of SA-heaters. However, using hybrid nanofluids as
aworking fluid increases the operating cost of the system.
Therefore, introducing roughness on the absorber plate is the
most prominent and economical method to trade between cost
and performance. However, according to the best knowledge of
the authors, S-shaped and broken arc roughness configurations
have not been reported as far in the SA-heaters. These configu-
rations are integrated with the smooth absorber plate to disturb
the viscous sublayer. Furthermore, a numerical investigation
was carried out to analyze the effect of variation in Re number
on the fluid flow characteristics, heat transfer, and friction. The
present numerical work may show several limitations. Firstly,
the existing literature may lack comprehensive studies on the
combined impact of broken arc and broken S-shaped ribs, leav-
ing a gap in understanding their synergistic effects on heat trans-
fer and fluid dynamics. Additionally, the numerical models used
in these assessments might oversimplify the real-world condi-
tions, neglecting factors such as thermal radiation, material
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properties, and ambient conditions. Furthermore, the majority of
studies may focus on specific geometric configurations, and a
lack of generalization across various parameters could limit the
applicability of the findings. The experimental validation of nu-
merical simulations is crucial for the reliability of results, but
this aspect may be inadequately addressed in the available re-
search. Overall, there is a need for more comprehensive investi-
gations that consider a broader range of parameters and incor-
porate experimental validation to enhance the accuracy and ap-
plicability of numerical assessments in the context of solar air
heater performance with broken arc and broken S-shaped ribs.

2. Numerical methodology

In this section, the numerical methodology carried out for the
present study of the SA-heater has been presented. The rectan-
gular air duct design was selected and modified with the broken
S and broken arc-shaped ribs with different gaps and pitches.
Modified SA-heaters were simulated and later compared with
the conventional design model having a smooth absorber. The

Uniform Heat Flux
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(a)

1 875 mm 1 1000 mm

TEST SECTION

performance was evaluated by computing different parameters
i.e., the average Nusselt number (Nu) and friction factor.

2.1. Geometrical modelling of modified SAH

The solar air heater considered for this study has a rectangular
cross-section with dimensions 300 x 25 mm as the width and
height. The length of the SA-heater was 2 400 mm. Further, the
roughness of S-shaped and broken arc configurations was intro-
duced in the form of ribs over the smooth absorber surface. The
hydraulic diameter (D) of the present shape is 46.154 mm. Fur-
thermore, Fig. 1 represents the geometrical construction of an
SA-heater with a detailed view of the roughness. The total length
of the solar air heater was categorized into three zones i.e.,
(1) entrance section of length 525 mm, (2) roughness section of
length 1000 mm, and (3) exit section of length 875 mm. The
diagram of the complete SA-heater is shown in Fig. 1. The en-
trance length is provided to develop the flow for the roughness
zone.
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Fig. 1. (a) Schematic diagram of complete SA-heater with sections dimensions; (b) SA-heater cross sectional view with zoomed view
of an absorber plate having broken S-shaped and broken arc shaped ribs design.

The roughness of height 1.4 mm was used for different sets
of configurations of the SA-heater. In the present work, two dif-
ferent geometrical parameters (gap and pitch) have been varied
simultaneously. Firstly, the gap width in the broken arc and bro-
ken S-shaped ribs was inserted over the smooth absorber plate.
The gap (G) varies from 0.3 mm to 0.9 mm for both rib config-
urations with a step size of 0.2 mm. Secondly, the pitch distance
between both configurations of rib roughness varied from 15
mm to 25 mm with a step size of 5 mm. These parameters were
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opted for the creation of more reattachment zones in the fluid
flow with the roughened surface.

2.2. Governing equations and assumptions

Three important laws, i.e. the conservation of mass (continuity),
momentum (N-S) and energy equations are used to govern the
problems related to flow. They are expressed by Egs. (1-5), re-
spectively:
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a) Continuity equation. The continuity equation is the mathe-
matical statement of the concept of conservation of mass applied
to an elemental control volume within a fluid in motion, and it
is evaluated by using Eq. (1) [18-19]:

ot

ox

v
dy

oW
Z=o. @)

This is the mass continuity equation for three-dimensional
steady flow.

b) Momentum equation. It can be calculated by using Egs.
(2-4) [18-19]:
X—momentum equation:

09U | ,0u  —o0u 10p (6211. %1 azﬂ)
(u dx +v oy +w 62) T pox ax2  dy2  9z2)’ (2)
y—momentum equation:
0% , 0% 07 1dp (62v 827 6217)
(u dx tv ay + az) Y ax2  9y? = 9z2)’ ®)
Z-momentum equation:
—S0W | 50W | 0w\ _  1dp (azw 92w aZW)
(u dx tv ay tw 62) T poz ax2  9y? ' 0z2)’ (4)

c) Energy equation. If the flow is continuous and incompressi-
ble with constant thermal conductivity, there is no compression
effect and no heat generation. In this case, no viscous heating is
generated and the following equation can be used [18-19, 28]:

a%T 2T
=al— — ).
(r?x2 + + ayZ)

The turbulence model is the typical k—e model. It is the most
frequent turbulence model applied in solar air heater applica-
tions. The following assumptions were taken into account dur-
ing numerical simulations of the solar air heater models to sim-
plify the numerical procedure:

(1) The flow must be steady i.e., Z—f =0.

2T
ay?

aT

ay

()

(2) Variation of the pressure in y direction is zero i.e., g—;’ =0.

(3) The shear force in y direction is zero i.e., ;—; =0.

(4) The body force due to gravity is neglected.

% 9 op _

ax ' oy oz

(6) The flow must be fully developed, while approaching the test
section.

(7) The axial heat conduction in the fluid is negligible.

(8) The properties of the air must be constant.

(5) The flow must be incompressible i.e.,

2.3. Boundary conditions and material properties

During the numerical modelling for the study, a constant heat
flux (q) of 1200 W/m? is applied on the absorber plate. Addi-
tionally, the Re number of working fluid, i.e. air is varied from
2 000 — 22 000 with the step size of 4 000. The flow is consid-
ered turbulent, having the turbulent kinetic energy intensity of
5%. The temperature of the inlet air (Tin) flowing inside the SA-
heater channels is 300 K. Aluminium is used as substrate mate-
rial for the SA-heater. It has great machinability, high thermal
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conductivity; it is easily available, and economical compared to
other materials such as stainless steel (SS). Table 1, tabulates the
thermo-physical properties of aluminium and air considered for
simulations. It was observed that the variation of properties with
respect to temperature is very minimal. So, constant properties
were considered during the simulation.

Table 1. Thermo-physical properties categorization of the aluminum
and air [19].

Properties Symbol| Unit | Aluminium Air
Density ) kg/m3 2719 1.225
Specific heat Co J/(kgK) 871 1006.4
Thermal conductivity k W/(mK) 202.4 0.707
Viscosity Pas - 1.7894e-05

2.4. Mesh generation and grid independence test

Firstly, the geometry was designed, and the model was discre-
tized using different methods. The smooth solar air heater duct
does not create much obstruction in mesh generation due to its
simplicity and symmetry. In the presence of ribs of different
shape, it is necessary to understand flow physics near the rough-
ness. So, fine meshing was created in the vicinity of rib rough-
ness as depicted in Fig. 2.

Fig. 2. Meshing of the absorber plate near the ribs.

Using an unstructured grid, the geometry was discretized and
an adaptive refinement method was used. When the adaption is
employed appropriately, the resulting mesh is most favourable
for the flow solution. Further, a grid independence test was per-
formed on the roughened solar air heater to see the influence of
grid size. Table 2 highlights the variation of the average Nu
number with the number of elements.

Table 2. Grid independence test on the roughened solar air heater.

No. of elements Average Nu number % variation

65932 110.668 14%
130832 95.170 51.65%
845671 46.014 2.0%
912 839 46.964 -

It was observed that increasing the cell number beyond
845 671 elements, the variation observed is less than 5%. There-
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fore, to avoid waste of the computational resources, the grid of
845 671 elements was proposed for the study.

2.5. Validation of the numerical model

The numerical model was validated by comparing the results
with those of the smooth solar air heater. The obtained results
were compared with those found from two well-known Egs. (6)
and (7). Firstly, the average Nu number from the present work
was compared with that obtained from the Dittus-Boelter equa-
tion as in Eq. (6) [29]:

Nu = 0.023 X Re08 x Pro+, (6)

where Re is the Reynolds number and Pr is the Prandtl number.
The results are plotted for Re ranging from 2 000-22 000 as pre-
sented in Fig. 3. A slight variation of 3—5% is observed between
the compared models. Furthermore, another parameter, that is
the friction factor f was calculated and compared with that of the
smooth SA-heater found from the Blasius friction equation as in

Eq. (7) [29]:

f = 0.0791Re™25, @)

The obtained results for the friction factor are also found to be
in good agreement, which validates our numerical model.

Nusselt Number Friction Factor

Smooth Duct (Present work) — -+ —  Smooth Duct (Present work)

—a—— Dittus Bolter Equation — -« — Blasius Friction Equation
0.020 70

F 60
0.016

F 50
0.012 | E 40
5~

Nu

0.008 F 30

F 20
0.004 +

10

0.000

10000 14000 18000 22000

Re

Fig. 3. Validation of the present numerical model of smooth duct
based on the previously known empirical correlations.

2000 6000
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D T T T 1
4000 8000 12000 16000 18000

Re

Fig. 4. Validation of present methodology with previous
experimental work of Chamoli and Thakur [30].

The validity of the computational model is also established
through a rigorous comparison of the Nu number outcomes gen-
erated by the current methodology with those obtained through
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experimental investigations conducted by Chamoli and Thakur
[30], as illustrated in Fig. 4. To achieve this, a geometric config-
uration akin to that employed by Chamoli and Thakur [30] has
been replicated and subjected to simulation under identical op-
erating conditions. The assessment reveals an average absolute
deviation of 7.86% between the computational and experimental
data for the Nu number, affirming the reliability of the compu-
tational approach.

3. Results and discussion

The outcome of introducing roughness (broken arc ribs and bro-
ken S-shaped ribs) to the absorber surface of the SA-heater is
presented in this section. The outcomes of the roughened
SA-heaters for variable constructional parameters are presented
and compared with smooth SA-heaters. Introducing roughness
in SA- heaters stimulates enhanced heat transfer processes with
an increase in friction factor coefficient [30]. The influence of
varying gaps and pitches on thermal hydraulic performance is
evaluated and presented. Additionally, the Re number was var-
ied between 2 000-22 000.

3.1. Effect of geometrical variation on heat transfer
characteristics

The Nusselt number is an important parameter for evaluating the
heat transfer capabilities of different SA-heater configurations.
Figure 5, represents the variation of the average Nu number with
the Re number for different SA-heater configurations. The x—
axis represents the variation of Re while y-axis represents the
Nu number. During the study, the gap was varied from 0.3 mm
to 0.9 mm in Figs. 4 to 5, while the pitch was kept constant for
all the cases, i.e. 15-25 mm.

At G = 0.3 mm, it is observed that the Nu number increases
along with the increase in pitch from 15 mm to 20 mm; further
increase of the pitch value decreases the Nu value, irrespective
of the Re number. The best performance was reported at the
pitch length of 20 mm. The difference in the Nu number for the
configurations P =15 mm and P =25 mm is very minimal,
while a reasonable amount of increment was observed in the
P =20 mm configuration for all Re values. It is interesting to
note that the pattern for different pitch lengths changes with an
increase in gap length. The earlier pitch of 20 mm has yielded a
better performance while for the gap length varying from 0.5
mm to 0.9 mm, the pitch of 25 mm has shown better heat transfer
capabilities. Also, the gap between the P =20 mm and P =25
mm Kkept on increasing from G = 0.5 mm to G = 0.9 mm as vis-
ualized in Fig. 4 (b—d). Among all the configurations consid-
ered, the gap length of 0.9 mm and pitch length of 25 mm has
shown the best performance.

3.2. Effect of geometrical variation on hydraulic per-
formance

The pressure drop and friction factor are important parameters
to be evaluated for the hydraulic performance of SA-heater con-
figurations. In the present work, the friction factor was com-
puted for all configurations. The influence of geometrical pa-
rameters and operating parameters on friction factor was depic-
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ted in Fig. 6. It is observed that the pitch length of 25 mm has
shown the largest value of friction factor, irrespective of gap
length and Re number. Further, there is a minimal difference in
friction factor observed between P =20 mm and P =25 mm,
due to very little change in fluid flow characteristics. Also, there
appears a significant increase in friction factor for a change in

275

s —=— P=15mm G=03mm
250F o P=20mm
225 F —»— P=25mm
200 f —o— Smooth Duct
175 F
= 150 F
Z 125 F
100
75 F
50 F
28 E
25 —
0 4 i s N N "
2000 6000 10000 14000 18000 22000
Re
325
300 —+— P=15mm G= 0.7 mm
575 —a— P =20 mm
;i(-] —»— P =25mm
5:_,5 i —&— Smooth Duct
= 200 F
'z, 175 F
150
125
100 ¢
75
50 =
25 |
0 o N A N N "
2000 6000 10000 14000 18000 22000
Re

pitch length configuration from 15 mm to 20 mm. Further, the
lowest friction factor was observed for the smooth solar air
heater duct, which is due to no disturbance in fluid flow across
the length of the solar air heater. A sudden drop was observed in
all configurations when the Re number changed from 2 000 to
6 000 due to the change in fluid flow from laminar to turbulent.
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Fig. 5. Effects of varying gap and Re number on Nu number for modified SA-heaters (for G = 0.3 mm, 0.5 mm, 0.7 mm and 0.9 mm).
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Fig. 6. Variation of f for varying Re number for modified solar air heaters (for G = 0.3 mm, 0.5 mm, 0.7 mm and 0.9 mm).

3.3. Effects of geometrical variations on fluid flow
characteristics

The velocity contours were plotted for a constant value of Re
number for different configurations. Figure 7 shows velocity
contours of SA-heaters for the pitch length of 25 mm having the

gap length varying from 0.3 mm to 0.9 mm for the Re number
of 22 000. It was observed that for G = 0.3 mm, there is a very
large reattachment zone formed around the surface. This reat-
tachment zone kept on decreasing with the increase in gap
length. Among all the configurations, that of G =0.9 mm and
P = 25 mm has shown the most favourable fluid flow conditions.
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(A G=03mm,P=25mm
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"

Fig.7. Velocity contours for different configurations of roughened SA-heater: (a) G = 0.3 mm, P = 25 mm; (b) G = 0.5 mm, P = 25 mm;
() G=0.7mm, P=25mm,; (d) G=0.9 mm, P=25mm.

3.4. Thermo-hydraulic performance

As mentioned, the integration of roughness over the absorber
plate in the SA-heaters improves heat transfer capabilities of the
SA-heaters. Also, increased values of pressure drop can be ob-
served corresponding to the heat transfer improvement. To iden-
tify whether the roughness used yields better heat transfer capa-
bility than pressure drop losses, there are various parameters to
measure the thermo-hydraulic performance, like the coefficient
of performance, thermal performance factor (TPF), efficiency,
etc. [32—35]. Figure 8 represents the variation of TPF with Re
for the used SA-heater configurations.

15 mm, G= 0.7 mm
20 mm, G= 0.7 mm
25 mm, G= 0.7 mm
15 mm, G= 0.9 mm
=20 mm, G= 0.9 mm
=25mm, G= 0.9 mm

P H

N NN (G
Aok

22
2.0
1.8
1.6
1.4
1.2
1.0
0.8

TPF

2000 G000 10000 14000 18000 22000
Re

Fig. 8. Variation of thermal performance factor with Reynolds
number for roughened SA-heater configurations.

In the present work, TPF is opted to evaluate the design ef-
ficiency. TPF was evaluated using Eq. (8). TPF is used often in

the literature as it helps researchers comprehend the overall per-
formance of thermal devices

Nu,/Nug
TPF = N/, (8)
U/ 15)3

It was observed that the pitch length of 25 mm and gap length
of 0.9 mm has shown a maximum TPF value from 2.9 to 3.3,
while the pitch length of 25 mm and gap length of 0.3 mm has
depicted the lowest TPF value, irrespective of the Re number.
All other configurations have TPF values ranging between them.

4. Conclusions and scope of future work

In the present article, a numerical study was conducted on the
SA-heater modified with ribs of broken S-shape and broken arc
shape. Through this research, authors have demonstrated the po-
tential of these specific roughness configurations to enhance
heat transfer and improve the overall efficiency of solar air heat-
ers. This work contributes to the advancement of sustainable en-
ergy technologies, offering practical solutions that can be imple-
mented to harness solar energy more efficiently in various ap-
plications, such as space heating, water heating and industrial
processes. The study was performed using the ANSYS Fluent
software. During the study, three important parameters (Re
number, gap, and pitch) were varied to obtain the best optimum
value of each for the improved heat transfer rate. The Re number
was varied from 2 000—22 000, while the pitch was varied from
15-25 mm and the gap length was varied from 0.3—0.9 mm. For
this study, a constant heat flux of 1 200 W/m?was provided to
the system. Various contributing parameters such as the Nu
number, friction factor and thermal performance factor were
evaluated and validated with the smooth surface absorber based
SA-heater. On the basis of the study, a few conclusions were
made as follows:
1. Among all the configurations considered, the gap length of
0.9 mm and pitch length of 25 mm has shown the best per-
formance and a significant improvement in the Nu number.
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2.

The pressure drop and friction are important parameters to
be evaluated for the hydraulic performance of SA-heater
configurations

Minimal variations in friction factor were observed between
P =20 mm and P = 25 mm due to very little change in fluid
flow characteristics. However, a sudden pressure drop was
observed in all configurations when Re changed from 2 000
to 6 000 due to the change in fluid flow from laminar to tur-
bulent.

It was observed that the pitch length of 25 mm and gap length
of 0.9 mm have shown the maximum thermal performance
factor value from 2.9 to 3.3, while the pitch length of 25 mm
and gap length of 0.3 mm have depicted the lowest thermal
performance factor value.

These modifications can be experimentally integrated with
the SA-heater device to improve the overall performance of
the system.
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