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Abstract

The use of different turbulators in solar air heaters can significantly impact their thermal and hydraulic performance. This
study compares solar air heaters equipped with W-contoured, taper-contoured, and reverse taper-contoured turbulators. It
examines heat transfer coefficients, pressure drops, velocity contours, turbulent Kinetic energy contours, and thermal perfor-
mance factors for these systems under varying operating conditions. The air Reynolds number ranges from 4000 to 18 000,
while design parameters such as relative roughness height and relative pitch ratio remain constant for accurate comparison.
The simulations were conducted with a uniform heat flux of 1200 W/m?2. The W-shaped contour roughness achieved the
greatest heat transfer coefficient, surpassing both the tapered and reverse tapered configurations. In terms of friction factor,
the tapered contour on the absorber plate led, followed by the reverse tapered and W-shaped contours. Overall, the W-shaped
contour delivered the best performance. At lower Reynolds numbers, the reverse tapered contour outperformed the tapered
contour, whereas at higher Reynolds numbers, the tapered contour showed superior performance compared to the reverse
tapered contour.
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1. Introduction the environment and society's health due to the greenhouse ef-

fect and global warming. In contrast, renewable energy sources
Commercial energy sources have played a role in fostering eco-  offer a solution to meet global energy demands while safeguard-
nomic development, but they have also had a harmful impact on  ing our surroundings. Additionally, sustainable energy systems,
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Nomenclature

Cp - specific heat, J/(kg K)

Dy — hydraulic diameter, mm

e —roughness height, mm

f — friction factor

h - heat transfer coefficient, W/(m? K)
k  — thermal conductivity, W/(m K)
L —length, mm

Nu — average Nusselt number

op —pressure drop, Pa

P —roughness pitch, mm

Re — Reynolds number

T —temperature, K

u, v — velocity components, m/s

often smaller and region-specific, address concerns related to
electricity distribution, environmental impact, and capital costs.
Unlike centralised plants based on commercial sources, sustain-
able equipment like wind turbines, solar panels, and biomass can
be mass-produced cost-effectively and tailored to meet the en-
ergy needs of specific locations. Among all sustainable energy
sources [1], solar power has gained significant prominence due
to its abundance, cost-effectiveness, cleanliness, and noiseless
operation, while also being environmentally friendly.

Various methods are present for collecting solar energy, the
most common of which is the flat plate solar collector, which
has a basic design and requires relatively less receiving. Flat
plate collectors are used less frequently. Whereas, solar water
heaters and solar air heaters (SAH) require regulating for all an-
ticipated temperature ranges [2,3]. However, one significant
challenge with SAHs is their suboptimal heat/thermal efficiency
due to the slow heat transfer from the absorbing plate (AP) to
the air in the duct. To address this issue, artificial turbulators like
baffles and ribs are employed [4,5]. These create turbulence
within the air duct, enhancing the heat transfer coefficient. How-
ever, they also lead to increased friction loss, so it is essential to
place turbulators solely in the laminar subzone layer.

Various methods have been proposed by researchers to in-
crease heat transfer through SAH like nanoparticles [6,7], phase
change materials [8,9], microchannels [10—12], minichannels
[13,14], active techniques [15], etc. It is observed that various
design modifications in SAH were taken from other thermal de-
vices like microchannels heat sinks [16,17], heat exchangers
[18-20], spiral tube exchangers [21], heat pipes with inserts and
baffles [22,23], electric vehicle battery cooling [24], electrical
device cooling with fins [25], car radiator [26,27], etc. Some of
the recent work covered in the area of SAH has been covered
herein.

Khanlari et al. [28] study aimed to enhance the utilization
time of a solar air collector by integrating a PCM (phase change
material) unit and adding porous fins to shorten PCM melting
time. The numerical analysis showed that adding the PCM unit
extended the collector's utilization time, and increasing the num-
ber of porous fins significantly improved the system's perfor-
mance and energy efficiency. Abdulmejeed et al. [29] examined

X, ¥y — Cartesian coordinates, m

Greek symbols

a — thermal diffusivity, m?/s
v — kinematic viscosity, m%/s
p  — fluid density, kg/m?

Subscripts and Superscripts

f —test section
r  —roughened
s —smooth

Abbreviations and Acronyms
PEC — performance evaluation criterion
SAH - solar air heater

the performance of SAH with grooved absorber and triple-flow
air channel modifications using numerical modelling and exper-
imental evaluation. The combined SAH showed greater temper-
ature differences than parallel-flow and triple-flow SAHs, with
the parallel-flow SAH achieving thermal and exergy efficiencies
of 59.51% and 29.09%, respectively, at a mass flow rate of
0.012 kg/s.

Tuncer et al. [30] study aimed to improve a solar drying sys-
tem (SDS) by using a ZnO nano-enhanced absorber coating and
an infrared heating system. The results showed that the com-
bined use of these modifications significantly increased thermal
and exergetic efficiencies and reduced drying time by 43.75%
compared to the unmodified SDS.

Solar air heater performance can be enhanced using turbula-
tors like Z-shaped baffles on the absorber plate as reported by
Bohra et al. [31]. They found that for a blockage ratio of 0.3,
with a relative pitch ratio of 1.5 and an attack angle of 45°, the
maximum effective efficiency was achieved for Reynolds num-
bers between 5000 and 10 000. In another similar work, Semalty
et al. [32] examined the effectiveness of a solar air heater with
multiple ribs and an arc-shaped circular protrusion on the ab-
sorber plate, using Fluent simulations. The results indicated that
the optimal thermal performance was achieved at a Reynolds
number of 20 000, with specific roughness and protrusion pa-
rameters, improving thermal performance with minimal fric-
tional pressure drop.

Singh et al. [33] performed a numerical investigation analys-
ing the hydrothermal characteristics of SAH with S-shaped dim-
ple roughness on the absorber plate, using Ansys Fluent for
Reynolds numbers 4000 to 20 000. The study found that the op-
timal configuration, with a dimple diameter of 2.8 mm and rel-
ative roughness pitch of 10, yielded significantly higher Nusselt
numbers and friction factors compared to smooth plates, achiev-
ing maximum thermo-hydraulic performance at a Reynolds
number of 20 000. Haldia et al. [34] presented a numerical study
comparing the effects of S-shaped and broken arc roughness on
solar air heaters, finding that the optimal configuration for heat
transfer is a gap of 0.9 mm and a pitch of 25 mm. This specific
configuration significantly improves heat transfer but increases
the friction factor, achieving the highest thermal performance
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factor of 2.9 to 3.3, while a gap of 0.3 mm and the same pitch
length shows the lowest performance.

Kumar et al. [35] explored the impact of S-shaped ribs and
protrusions on the thermo-hydraulic performance of a SAH, ex-
amining various operating and design parameters. The optimal
configuration, with a relative pitch roughness of 20, gap of
0.5 mm, and protrusion diameter of 0.3 mm, achieved the high-
est thermal performance factor of 2.5 to 3.1, while the least ef-
fective configuration had a pitch of 12 and protrusion diameter
of 0.5 mm, resulting in a factor of 1.4 to 1.7. Kumar [36] exper-
imentally analyses the heat transfer and friction factor of three-
side artificially roughened solar air heaters with multiple-V and
transverse wires compared to one-side roughened heaters. The
three-side roughened heaters show a 24—76% increase in heat
transfer rate and a 4-36% increase in friction factor, with air
temperatures 34.6% higher than those in one-side roughened
heaters, proving their superior performance both qualitatively
and quantitatively. Ghritlahre [37] analyzes the energy and ex-
ergy performance of roughened solar air heaters with arc-shaped
wire ribs using two flow arrangements: apex upstream and apex
downstream. Results show that the apex upstream flow config-
uration achieves a maximum thermal efficiency of 73.2% and
exergy efficiency of 2.64% at a mass flow rate of 0.022 kg/s,
while the apex downstream flow configuration reaches a thermal
efficiency of 69.4% and exergy efficiency of 1.89% under the
same conditions.

Patel and Lanjewar [38] use exergy analysis to evaluate the
performance of a solar air heater with a W-shaped roughened
absorber surface, comparing it to a smooth plate under identical
conditions. The analysis shows that the W-shaped roughened
surface improves exergetic efficiency by up to 51% with a rela-
tive roughness height of 0.03375 and a rib angle of 60°, helping
to optimize the design parameters for better performance.
Chaudhari et al. [39] focus on optimizing the exergetic effi-
ciency of a solar air heater with inverted L-shaped ribs by im-
proving heat transfer rates. The analysis, conducted at a constant
heat flux of 1000 W/m?, determined that a relative roughness
pitch of 17.86 within Reynolds numbers of 3000 to 18 000 yields
optimal exergy performance, with temperature rises between
0.005 and 0.04. Ghildyal et al. [40] considered D-shaped, Re-
verse D-shaped and U-shaped turbulators in SAH and observed
that the U-shaped turbulator achieved the best overall perfor-
mance.

The present research work focuses on investigating the ef-
fects of W-contoured, taper-contoured, and reverse taper-con-
toured turbulators in solar air heaters, as depicted in Fig.1. The
novelty of this research lies in its comparative numerical evalu-
ation of solar air heater performance using three distinct turbu-
lators geometries. This study is pioneering in its approach to ge-
ometric diversity, numerical simulation, comprehensive com-
parison and practical implications. Employing advanced numer-
ical methods to simulate and evaluate the performance of these
geometries, provides detailed insights into their thermal and hy-
draulic characteristics. Offering a direct comparison of the per-
formance enhancements and efficiency gains of each turbulator
type helps to identify the most effective design for solar air heat-
ers.
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Fig. 1. Schematic diagram of solar air heaters with dimensions
and different contours used for roughness.

The primary objective of this research is to enhance the per-
formance of solar air heaters by evaluating and comparing the
effectiveness of W-contoured, taper-contoured, and reverse ta-
per-contoured turbulators. This is done by determining the im-
pact of each turbulator design on heat transfer rates, pressure
drop, and overall thermal efficiency. Further, the study also
highlights potential areas for future research exploration of ad-
ditional turbulator geometries or configurations.

2. Details of computational domain and grid gen-
eration

A two-dimensional computational fluid dynamics study was
performed to determine how the performance of SAH changes
when a roughened absorber plate is utilized. In the present re-
search work, W-contour, taper-shaped contour, and reverse ta-
per-contoured turbulators were used. The computational domain
has 3 regions and is rectangular, measuring 20 mm in height and
640 mm in length: the entry length (L1 = 245 mm), the test region
(L> = 280 mm), and the exit length (Lz = 115 mm). Under the
absorber plate, turbulators are mounted. In the current study,
constant relative roughness height (e/Dn = 0.021) and pitch ratio
(P/e = 14.285) are used for all three turbulators. The choice of
particular dimensions was based on previous literature. The air
temperature at the inflow is considered to be 300 K.

Solar air heater modelling is done in Ansys Design Modular
during the pre-processing phase of this investigation. The Ansys
ICEM platform is used for computational domain meshing. The
simulations were conducted using Ansys Fluent, a commercial
software based on the finite volume method. The momentum
and energy equations were discretized using a second-order up-
wind scheme. The pressure-velocity coupling was addressed us-
ing the SIMPLE (semi-implicit method for pressure-linked
equations) algorithm. To solve the resulting system of algebraic
equations, the Gauss-Seidel iterative method was employed.
This numerical approach has been widely used by various re-
searchers for similar problems [41,42].
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A homogeneous structural quadrilateral mesh with y* =
(nondimensional distance from the wall) is used to build the
computational domain. To accomplish uniform blending
throughout the sector, featured face mesh has been adapted with
a 0.2 mm body size. Figure 2 depicts the uniform structural mesh
of SAH with W-contoured turbulators. To perform the grid in-
dependence test, the smooth SAH was simulated for a number
of grid cells ranging from 115 200 to 480 000 for a Reynolds
number of 12 000. The complete details of the test are tabulated
in Table 1. It was observed that a mesh of 320 000 cells has pro-
vided optimum results in lesser computational time. So, the
same grid cells were opted for all simulations.

Fig. 2. Face integration of SAH with W-contoured turbulators.

Table 1. Grid independence test performed on smooth SAH.

No. Number of grid cells Nusselt number
1 115 200 44.00
2 192 000 39.0
3 320000 36.44
4 480 000 36.1

2.1. Governing equations

The governing equations for the numerical model of a solar air
heater are as follows:

e The continuity equation for two-dimensional steady fluid
flow, which represents the conservation of mass for a fluid
under motion:

ou dv
T 7 = 0, (D)

where u and v are the velocity vector components in x and y
directional coordinates, respectively.

e The momentum equations for the X and Y directions are

given by:
X-momentum equation:
ou, u_1dp (0% o
uax+vay_p6x+v(ax2+ay2)’ (2)

Y-momentum equation:

v v 1dp (azv azv)
U—F+v—=—— V(5 +— 3
ax + dy pady + dx2 + ayz)’ ®)

where p is the fluid density, p is the pressure and v is the
kinematic viscosity.

e For steady and incompressible flow with constant thermal
conductivity, no compression work and no heat generation,
the energy equation is given by:

(4)

2T 62T)
1

uZ 4= a(
ox ay 0x2  9y?

where T represents temperature and « is the thermal diffu-

sivity.
The mean Nusselt number is defined as:

Nu,= 22, (5)

where h, Dy and k stand for the coefficient of heat transfer, hy-
draulic diameter and thermal conductivity, respectively.
The factor of friction (f) is defined as:

_ 2(6p)Dp
= o, (6)

where Jp represents the pressure difference, Ly is the length and
V is the velocity.
Performance evaluation criterion is defined as

1
_ Iry(dpr)s
pec - /(32" 2
where h and Jp stand for the heat transfer coefficient and pres-
sure drop, respectively, and subscripts r and s refer to roughened
and smooth SAHSs, respectively.

2.2. Confirmation of findings

The numerical model for the smooth solar air heater was vali-
dated by comparing the average Nusselt number and the friction
factor with the well-known equations, as depicted in Fig.3. The
average Nusselt number from the model was compared with the
Dittus-Boelter equation, and the results showed a slight varia-
tion of 2—4% between them. Additionally, the friction factor was
compared with the Blasius friction equation, and the results were
found to be in good agreement, validating the numerical model.
The Dittus-Boelter equation and the Blasius equation for smooth
solar air heater are as follows:

0 _{'— Present Smooth S.A.H. r 0.011
60 F —4— D. B. Correlation L
—+— Present Smooth S.A.H: [
T —— Blasius Equation r 0.010 o
E 50 : g
g 40 | 0.009 3
3 5
3¢ L 0.008 S
22 F : N
r 0.007
10 | [
0 ' ‘ : ‘ 0.006
0 4000 8000 12000 16000 20000
Re

Fig. 3. Validation plot of smooth SAH with established correlation.
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Nug= 0.023Re28Pro+, ©)
f,= 0.0791Re; %25, 9)
3. Results and discussion

The variation of heat transfer coefficient with Reynolds number
(Re) for different configuration of SAH is depicted in Fig. 4. The
utilization of a textured surface on the solar air heater duct
demonstrated a noteworthy improvement in the heat transfer rate
compared to a smooth surface solar air heater. Nevertheless, the
enhancement in heat transfer is minimal at low Reynolds num-
bers and escalates as the Reynolds number increases. Two main
observations can be deduced from Fig. 4. Firstly, as the Reyn-
olds number rises, there is a concurrent increase in the heat
transfer coefficient for all solar air heater configurations. The
rate of this increase in the heat transfer coefficient is higher for
the roughened configuration compared to the smooth solar air
heater case. Secondly, regardless of the variation in surface
roughness, it was noted that the trend of heat transfer coefficient
with Reynolds number remains consistent for all cases. Moreo-
ver, the W-shaped contour roughness exhibited the highest heat
transfer coefficient value, followed by the tapered contour and
reverse tapered contour configurations.

< 10 - —a— W-Contour

& 100 f —— Tapered Contour

\E_ 90  —&— Reverse Tapered Contour

® 80 t —a— Smooth

© :

g 70 E

§ 60 —

5 50 3

“g 40 F

E 20

"(i 20 -

-q:J 10 L 1 1 |

0 4000 8000 12000 16000 20000

Re

Fig. 4. Heat transfer coefficient variation with Reynolds number
for different cases of SAH.

Just like the examination of heat transfer, an analysis of fluid
flow was conducted by considering the pressure drop for various
solar air heater configurations. It is recognized that incorporat-
ing vortex generators or turbulators on the solar air heater im-
pacts the fluid flow parameter, specifically the pressure drop.
Figure 5 demonstrates the variation of pressure drop in the SAH
with Re for different configurations. It is obvious that the pres-
sure drop in SAH with turbulators is greater than in the smooth
SAH, due to obstruction in the flow field and disturbance of lam-
inar sublayer.

Consequently, SAH with tapered contour roughness on the
absorber plate yields a higher friction factor, followed by reverse
tapered and W-shaped contour roughness. Both reverse tapered
and W-shaped contour roughness SAHs show very marginal dif-

e t —a— W-Contour

350 F —w— Tapered Contour
® ... [ —%— Reverse Tapered Contour
Q 300 F —=— Smooth
Q E
% 250E
g 2005—
% 150
a 100

50 F

0t s n s
0 4000 8000 12000 16000 20000
Re

Fig. 5. Pressure drop variation with Reynold number
for different cases of SAH.

ference in pressure drop while tapered contour SAH demon-
strates less difference at low Re value and the difference with
other roughened SAH keeps on increasing with Re value.

Figure 6 shows the contours of velocity for each of the three
coarsenesses in SAH. Once the flow is stabilized, contours of
velocity reveal the creation of an eddy near the rib. A separation
occurs as a result of the abrupt expansion of fluid downstream
of the rib. This causes a rise in flow velocity at the upper surface
of the rib, which generates turbulence. As a result, vortices form
on the upper surface of the rib.

The turbulator/ribs prevent the creation of the boundary
layer. As a result, the turbulent kinetic energy increases. Fig-
ure 7 displays the contours of turbulence kinetic energy for each
of the three coarsenesses. The W-contour has a succession of
comparable and recurring turbulence kinetic energy profiles,
which simply illustrate the intensification of instability in turbu-
lator, which increases the rate of the transfer of heat. W-contour
turbulators outperform the other two types of turbulators in
terms of heat transfer augmentation.

Figure 8 depicts variation of performance evaluation crite-
rion (PEC) with Re for roughened SAH, considering smooth
SAH as a reference model. As all roughened SAHs showed val-
ues above 1, this denotes that SAH with turbulators has better
overall performance.

Further, it was observed that PEC keeps on decreasing with
Re value for all cases. Among all the cases, W-contour has
shown highest performance. While at low Re value, reverse ta-
pered contour is better than tapered contour and at higher Re
value, tapered contour is better than reverse tapered contour.

4. Conclusions

In present research work, a thorough 2D computational fluid dy-
namic analysis of a solar air heater with three types of turbula-
tors are performed. The numerical analysis outcome can be sum-
marized as follows:

e With the use of the k-¢ turbulence model the verification
and the computational domain are justified;

193



Ghildyal A., Bisht V.S., Bhandari P., Thapliyal S., Kaushik S., et al.

10.09 9.46 8.83 820 7.57 694 6.31 568 505 442 3.79 3.15 252 1.89 1.26 0.630.00 Velocity

Ll . | | m/sec

(a)

10.10 9.47 8.84 8.21 7.58 6.95 631 568 5.05 4.42 3.79 3.16 253 1.89 126 0.630.00 velocity

| I | m/sec
e 1N s

!

(b)

1091 10.23 9.55 8.87 8.19 750 6.82 6.14 546 4.77 4.09 341 273 2.05 1.36 0.68 0.00
|

—

———— | P —— p—

Velocity
m/sec

(c)

Fig. 6. Velocity contour for (a) W-contour, (b) reverse tapered contour, (c) tapered contour.
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194



PEC

A comparative numerical evaluation of solar air heater performance...

—a— W-Contour
—w— Tapered Contour
—&— Reverse Tapered Contour

Smooth SAH

.........................................................

RS LR LR LR LR R AR AR REARI AL AR

PP PPN P
12000

Re

PO NP ] [T

4000 8000

0.9 Ak

o

Fig. 8. Performance evaluation criteria variation
with Re for roughened SAH.

Among all configurations, SAH with W-contoured coarse-
ness has the highest value of heat transfer coefficient, fol-
lowed by taper-contoured and reverse taper-contoured
configurations;

In terms of hydraulic performance, SAH with taper-con-
toured roughness on the absorber plate yields a higher pres-
sure drop, followed by reverse taper-contoured and W-
shaped roughness configurations;

Performance evaluation criterion, i.e. overall performance
of the W-contour turbulator, is the highest irrespective of
Reynolds number value.

As aresult, a W-contoured turbulator might be explored for fur-
ther experimental analysis and research on SAHSs.
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