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Solar air heating thermal systems have found extensive utilization in a broad array
of industrial and residential settings, playing a pivotal role in the conversion and
reclamation of solar energy. Implementing repeated artificial roughness in the
surfaces has the potential to augment thermal performance in solar air heaters
(SAHs). This study presents a numerical investigation of SAHs with artificial rough
surfaces, consisting of polygonal-shaped ribs and grooves located at different
places inside the rectangular duct, that improve thermal efficiency. ANSYS Fluent
software was employed to simulate the SAH with different relative pitch distances
of p = 10 mm and 20mm and relative rib heights e/d = 0.09–0.045. The working
fluid air flows at different Reynolds numbers (Re), ranging from 3,800 to 18,000.
Nusselt number (Nu), friction factor (f), and Thermal Hydraulic Performance (THP)
are parameters to evaluate the performance of the SAH. The renormalized group
(RNG) k-ϵ turbulent model was implemented in this simulation. The study
outcomes indicate that increasing the rib height improves the heat transfer
rate and nonetheless increases pressure drop while increasing the pitch
distance. The higher Nusselt number (Nu) is 3.762 attained at p = 10 mm and
3.420 at p = 20mm in the center-positioned rib at Re 3,800. The lower friction
factor (f ) obtained in p = 20mm is 1.681 and 0.785 in p = 10 mm in the staggered
positioned rib at higher Re 15,000. The optimal THP was achieved at 2.813 at a
staggered rib height at a pitch distance of p = 10 mm at Re 8,000. The study’s
findings suggest that the incorporation of artificial rough surfaces has the potential
to enhance the THP of an SAH.
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1 Introduction

A solar air heater (SAH) is a device that harnesses the abundant solar energy available
worldwide for various applications, including space heating, textile, and chemical industries.
However, the conventional SAH suffers from lower thermal performances due to poor
thermal convection between the working fluid air and the surface of an absorber plate. In
recent decades, researchers have explored the use of artificial roughness in the absorber plate
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surfaces in augmenting heat transfer in the SAH. The
implementation of rough surfaces in absorber plates is achieved
by introducing ribs or protrusions of different shapes and sizes.
Some of the significant outcomes of these numerical and
experimental investigations include an increase in heat transfer
rates, a decrease in pressure drops, and improved thermal
performance of the SAH (Promvonge and Thianpong, 2008;
Promvonge et al., 2012). Various rib and groove shapes have
been selected in the investigation to attain better heat transfer
rates, including rectangular (Eiamsa-ard and Promvonge, 2008),
circular (Kumar et al., 2009), triangular (Eiamsa-ard and
Promvonge, 2009), trapezoidal, and serrated ribs (Sripattanapipat
and Promvonge, 2009) at Reynolds numbers ranging from Re
3,000 to Re 18,000. Among them, rectangular and circular rib
shapes are the most commonly investigated due to their ease of
manufacturing and the availability of experimental data. The
absorber plate efficiency of the SAH is enhanced using various
rib shapes, such as a transverse wire rib producing a maximum THP
of 1.85 at Reynolds number ranging from Re 3,800 to Re 18,000
(Verma and Prasad, 2000), an arc-shaped wire rib producing a THP
of 1.70 at Reynolds number ranging from Re 3,800 to Re 18,000
(Saini and Saini, 2008), an inverted U-shape rib producing a THP of
1.82 at Reynolds number ranging from Re 3,800 to Re 18,000
(Bopche and Tandale, 2009), a dimple-shaped rib attaining a
THP of 1.77 at Reynolds number ranging from Re 3,800 to Re
18,000 (Saini and Verma, 2008), and a W-shaped rib producing a
maximum THP of 1.87 at Reynolds number ranging from Re
3,800 to Re 18,000 (Kumar et al., 2009). These ribs are
incorporated to advance the THP of the SAH. Research
conducted by the authors demonstrates that the THP ranging
from 1.72 to 1.87 has been achieved, with the maximum heat
transfer rate obtained at an attack angle of 90o.

Several rib shapes have been explored by researchers to enhance
the THP. Gawande et al. (2016) used an L-shaped rib that yielded a
maximum THP of 1.90, and Yadaba Mahanand (Mahanand and
Ranjan Senapati, 2020) used an inverse T-shaped rib resulting in a
higher THP of 1.87. A novel shape was articulated (Singh Yadav and
Bhagoria, 2013) through a detailed examination of circular ribs
through analytical means. Variations in height and pitch distance were
performed, which resulted in an exceptional thermal enhancement,
surpassing that of the smooth duct by a factor of 1.65. Yadaba
Mahanand (Mahanand and Senapati, 2021) used a quarter circular
rib in the SAH and observed that the Nu increased with increasing
Reynolds number, while the f increased with increasing rib pitch and a
maximum value of THP was attained (1.88).

Pa et al. (2016) studied multiple arc-shaped rib configurations
with varying gap settings and rib arc angles, ranging between 30o and
75o. Their study revealed that the Nuwas 5.85 times greater than that
of the smooth duct. Similarly, Varshney and Gupta (2017) studied
the tapered shape of ribs in rectangular ducts, and their results
showed that the use of ribs enhanced heat transfer significantly. Ribs
with angles ranging between 1.6o and 3.2o and varying pitch
distances from 10 mm to 25 mm were examined. The report
unveiled that, at a Reynolds number of 12,000, an inclination of
1.6° resulted in the most significant thermal enhancement. In
another study, Varun Kumar et al. (2018) investigated the
influence of ribs in the SAH, and they found the thermal
efficiency in the SAH to be augmented significantly, utilizing

diverse shapes and placements. It was found that the polygonal-
shaped rib with minimum pitch distance yields higher thermal
performances than ribs of other shapes and pitch distances.
Singh Yadav et al. (2022a) took a semi-circular rough surface for
enhancement of THP at a relative pitch distance of 5–25 at Re
3,800 to Re 18,000. Researchers revealed that a maximum THP value
of 1.98 had been obtained at Re 15,000. Singh Yadav et al. (2022b)
presented a detailed overview of various rough surfaces with
different pitch distances, rib height in Reynolds number ranging
from 2000 to Re 20,000, and their thermal enhancement in different
applications. Arya et al. (2023) investigated V, arc, and transverse
broken shape of the rib at various attack angles of 45°–75°, pitch
distance of 15–25, relative roughness height 0.024–0.036, and
relative wire length of 0.14–0.2. The analytical report presented
that attack angles of 45° produced higher thermal performances at
Re 8,750, and the THP is 1.63. Rajesh Maithan et al. (2023)
conducted an exergy analysis in the SHC using delta winglets at
various attack angles in Re ranging from 4,000 to 18,000. The
researchers reported that an angle of 60° achieved 29.88% exergy
efficiency at a pitch distance of 5. Kumar et al. (2023) proposed a
new design NACA 0020 to enhance the THP at p = 13 and roughness
height 0.06 at Re ranging from 6,000 to 18,000. The result revealed
that a maximum THP of 2.21 was attained at Re 6,000. Alam and
Kim (2017) investigated the conical protrusion rib at a relative pitch
distance of 6–12 and relative height of 0.020–0.044 at Re 4,000 to
16,000. The researchers reported extreme thermal efficiency
achieved at 69.8% and recorded an efficiency enhancement factor
of 1.346%. Alam and Kim, (2016) took a semi-elliptical rough
surface with an attack angle of 30°–90° and positioned it in an
inline and staggered technique at Re 6,000 to Re 18,000 to achieve
higher THP. The results show that an attack angle of 75° produced
higher Nu and f of 2.05 and 6.93 for inline and 1.73 and 6.12 for
staggered arrangement, respectively. Singh et al. (2023) investigated
an S-shaped dimpled rib surface to augment the THP in the SAH.
The result revealed that Nu was 3.55 times and f 2.81 to 4.54 times
greater than that of a smooth surface and the maximum THP
achieved was 2.15.

The literature demonstrates a wide range of strategies employed
to improve the thermal efficiency of the SAH, with a particular focus
on the use of various rib and groove shapes. The studies have used
different rib shapes, such as rectangular, inclined trapezoidal,
serrated, semicircular, and helical, and have reported significant
improvements in the heat transfer characteristics in the SAH by
varying the rib pitch distance, rib height, and rib positioning angle.
However, despite the extensive research in this area, there is still a
research gap that needs to be addressed. Specifically, there is a lack of
comparing rib positioning on both sides of the wall in the inline and
staggered arrangement. Moreover, ribs placed in the center of the
duct were not compared with those observed in earlier research.
Therefore, further research is needed to compare the effectiveness of
ribs placed in different parts of SAHs and their ability to enhance
heat transfer and minimize pressure drop in SAHs. Such studies can
help identify the most suitable rib shape for a given application and
optimize the design of SAHs for extreme performance.

The main aim of the research work is as follows:

1. Explore the impact of relative roughness pitch and position of
ribs on the average heat transfer and flow friction characteristics.
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2. Optimize artificial roughness and flow parameters to improve the
thermal performance of an artificially roughened SAH while
maintaining a constant pumping power requirement.

The investigation methodology comprised three steps. First, the
smooth surface of the SAH was studied by varying the entry flow
velocity based on the Re to investigate the augmentation of the
Nusselt number (Nu) and friction factor (f). Second, the proposed
test section employed rough surfaces individually, by changing pitch
distances, and THP and pressure drop are measured. Third, the
results obtained were compared to determine the heat transfer
enhancement achieved by the application of rough surfaces.

2 Numerical procedure

Figure 1 illustrates a schematic layout of the SAH, while Figure 1.
(ii) displays the proposed geometries for the b) polygonal rib in an
inclined position, c) polygonal rib in a staggered position, d)
polygonal rib and groove, and e) polygonal rib at the center of
the rectangular duct. The rectangular duct of the SAH shown in
Figure 1 (i) has dimensions of 640 mm in length (245 mm for the
entry section—L1, 280 mm for the test section—L2, and 115 mm for
the exit section—L3) with a height (H) and width (W) of 20 mm and
100 mm, respectively, as described in Varun Kumar et al. (2021).
The proposed geometry with their various positions are presented in
detail in Figure 2. Furthermore, the rib arrangement is outlined in
Table 1. Figure 3 demonstrates the position of the polygonal rib and
groove in a rectangular shape at varying pitch distances of p =
10 mm and p = 20 mm, and sharp edges with tilted profiles of the rib,
which were selected to disrupt the fluid flow and maximize the
turbulence in the flow region of laminar sub-layer to enhance heat
transfer. To avoid unnecessary complexity, the present
computational fluid dynamics (CFD) investigation followed
certain assumptions.

a. The flow considered in this study is steady state, turbulent, and
incompressible (Varun Kumar et al., 2021).

b. The flow fluid is air, which enters the duct at atmospheric
conditions. The properties of air are listed in Table 2.

c. A no-slip condition is applied to the bottom and sidewall of
the duct.

2.1 Grid-independent study

To ensure accurate results for the proposed geometry, a grid-
independent study is needed to be conducted using ANSYS Fluent
version 13.0. In this study, the element sizes were varied between
0.4 mm and 0.2 mm, and four different values were used to identify
the appropriate element cell size for the analysis. The computed
values for Nu and f were closer to acceptable results when using an
element cell size of 0.2 mm than the previously used element cell
size (Varun Kumar et al., 2021). Figure 4A,B demonstrate the
variation in the grid element size and node count on a smooth
surface of an SAH and shows how the change in grid size affects a
smooth surface in the SAH, while Figure 5 shows the mesh
generated for the polygonal rib positioned at a) inline, b)
staggered, c) rib and groove, and d) center placed at a pitch
distance of p = 20 mm. Creation of a non-uniform mesh in the
shape of a tetrahedron grid and convergence was taken between
114,565 and 1 52,145 element cells, depending on the proposed
element size (Varun Kumar et al., 2021), and the details are
presented in Table 3. In addition to CFD simulations, the y +
values are crucial for assessing result accuracy, particularly in the
context of near-wall flow behavior. In the current simulation, the y
+ value achieved was 0.1993, which is a strong indicator that the
simulation is accurately capturing the details of flow near surfaces
or walls. This low y + value suggests that the mesh resolution near
the walls is sufficient to model the boundary layer and viscous
effects with precision. In essence, a y + value of 0.1993 signifies that
the simulation’s near-wall predictions are reliable and trustworthy.
The maximum deviation in Nu was observed in the
152,145 element cells, while the average Nu ranges showed the
least deviation of +1.50%. Therefore, 152,145 element cells were
used for the analytical investigation.

2.2 Governing equations

The examination of heat transfer within a working fluid in an
SAH incorporating a rough surface in simulations involves the
application of the following formulated steady-state 2D
continuity, momentum, and energy equations (Varun Kumar
et al., 2021):

Mass conservation or continuity equation:

FIGURE 1
Schematic layout of the i) SAH and ii) proposed polygonal ribwith various positions in an absorber plate. (A) SAH, (B) inline rib, (C) staggered rib, (D) rib
and groove, and (E) rib at the center.
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∂
∂xi

ρui( )� 0 (1)

Momentum conservation or Navier–Stokes equation:

∂
∂xi

ρuiuj( )� − ∂ρ
∂xi

+ ∂
∂xj

μ
∂ui

∂xj
+ ∂uj

∂xi
( )[ ] + ∂

∂xj
−ρui′uj′( ) (2)

Energy conservation equation:

∂ ρujT( )
∂xi

� ∂
∂xj

Γ + Γt
∂T
∂xj

( ) (3)

Γ and Γt are molecular thermal diffusivity and turbulent thermal
diffusivity, respectively, represented by

Γ � μ

Pr
And Γt � μ

Prt
(4)

Additionally, non-dimensional flow parameters are assessed
using the following equation:

Re � ρuD

μ
(5)

FIGURE 2
Schematic layout of the SAH with the polygonal rib placed at various positions at i) p = 20 mm, ii) p = 10 mm. (A) Smooth surface, (B) inline rib, (C)
staggered rib, (D) rib and groove, and (E) rib at the center.

TABLE 1 Arrangement of artificial roughness.

Type Shape Pitch distance
P (mm)

Hydraulic diameter
D (mm)

Rib height,
e (mm)

Relative roughness
pitch, p/e

Relative roughness
height, e/D

1 Polygonal
rib

10 33.33 e1 = 3 3.33 0.09

2 20 e3 = 1.5 13.33 0.045
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i)

Nu � hD/k (6)

ii) The friction factor was computed using the following
equation. . .

f r � Δp/l( )D
2ρv2

(7)

It is essential to study the heat transfer and pressure drop
characteristics of the SAH through THP. The THP with constant
pumping, as referenced inWebb and Eckert (1972), is determined by
the following equation:

THP parameter:

THP � Nur/Nus( )
fr/fs( )0.33 (8)

i) Nur represents the Nu in a rough surface
ii) Nus represents an Nu for a smooth surface and was taken from

the Dittus–Boelter equation (McAdams, 1942; Taler and
January, 2017):

Nus � 0.023 Re0.8 Pr 0.4 (9)
Nus � 0.2155 Re0.8018 Pr0.7095 (10)

The Reynolds number varies from 3,800 to 18,000 (Varun
Kumar et al., 2021), and the Prandtl number (Pr) of the working
fluid air = 0.71 Table 2.

i) fr represents the friction factor for rough surfaces.
ii) fs represents a friction factor for the smooth surface of an SAH,

obtainable from the Blasius equation (McAdams, 1942)

f r � 0.0791 Re-0.25 (11)

2.3 Identification of the turbulence model

Validating turbulent models is crucial for accurately predicting
thermal performance enhancement in computational exercises. This
research validates the average Nusselt number for a smooth surface
by employing empirical equations such as Dittus–Boelter (9) and
Taler (10), in conjunction with various turbulence models:

a) Standard k-ε epsilon,
b) RNG k-ε epsilon,
c) Realizable k-ε epsilon,
d) Standard k-ω omega, and
e) SST k-ω omega.

The study outcomes are compared and visually presented in
Figure 6. The renormalization k-ε epsilon model is found to have
the closest Nu values to the empirical correlation, with only a + 0.35%
deviation. As a result, the RNG k-ε epsilon model is preferred for
simulating the SAH in this research, consistent with similar studies by
other researchers (Taler and January, 2017; Varun Kumar et al., 2021).

FIGURE 3
Geometry of polygonal shapes of rib position at pitch distance p = 20 mm. (A) Inline, (B) staggered, (C) rib and groove, and (D) center.

TABLE 2 Present study—(air) working fluid—(thermo-physical property)
(Varun Kumar et al., 2021).

S. No Property Air

1 Density, ρ (kg m−3) 1.117

2 Specific heat, Cp (J Kg-1 K−1) 1,007

3 Thermal conductivity, K (W m−1 K−1) 0.0262

4 Viscosity, µ (N m−2) 1.857e−05

5 Prandtl number, Pr 0.71
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2.4 Transport equation for the RNG k-ϵ
model

The renormalized group (RNG) k-ϵ model incorporates the
following equation to investigate the impact of small-scale
turbulence adjacent to the rough surface (rib) and wall surface in
the direction of the fluid stream (Varun Kumar et al., 2021).

∂
∂xi

ρkui( ) � ∂
∂xj

αkµe
∂k
∂xj

[ ] + Pk + ρε (12)

and

∂
∂xi

ρεui( ) � ∂
∂xj

αkµe
∂ε
∂xj

[ ] + C1ε
ε

k
Pk–C2ερ

ε2
k
−Rε (13)

FIGURE 5
Meshing of polygonal shapes of rib position at pitch distance p = 20 mm. (A) inline, (B) staggered, (C) rib and groove, and (D) center.

TABLE 3 Grid-independent study.

S. No Element size (mm) Number of elements Nusselt number % Deviation

1 0.4 114,565 77.9 4.1

2 0.36 127,489 82.3 3.4

3 0.32 149,981 83.7 1.6

4 0.3 152,145 84.5 0.8

FIGURE 4
Smooth surface of the SAH and their element size ranges are (A) 114,210 and (B) 145,925.
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The term Pk denotes the production of turbulent kinematic
energy resulting from the velocity gradient and serves as an indicator
of turbulence intensity.

Pk � −ρuiuj
∂uj

∂xi
(14)

i) µe � μ + μt represents the effective turbulent viscosity

In this context, the turbulent viscosity represented by μt is
calculated by combining k and ε in the following manner:

μt � ρCμ
k2

ε
(15)

Cμ � constant

Turbulent model RNG k-ε constant values have default values as
follows:

FIGURE 6
Comparative analysis of Nusselt number (Nu) employing various turbulent models in contrast to the empirical Eq. 9.

TABLE 4 Inlet velocity taken from Reynolds number (Varun Kumar et al., 2021).

shape Reynolds Number Calculating u

3,800 5,000 8,000 12,000 15,000 18,000 from Re no.

Polygonal rib 1.91 m/s 2.51 m/s 4.03 m/s 6.04 m/s 7.55 m/s 9.06 m/s Re � ρuD
μ

FIGURE 7
Evaluation of (A) Nu and (B) f with Re no. for a smooth surface with previous reported values.
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Cμ � 0.0845, σk � 1.39, σε � 0.7194, C1ε � 1.42, C2ε � 1.68.

2.5 Solution methods

In the present study, ANSYS Fluent version 13.0 was used to
employ the finite volume method (FVM). The governing equations
of continuity, momentum, and energy were solved by designing
artificial roughness, generating the grid, and ensuring solution
convergence. The specified Reynolds numbers, as listed in
Table 4, were used to set the boundary conditions for the inlet
velocity magnitude, while a constant heat flux of 1000 W/m2 was
applied to the upper wall surface in the test section and the outer
surface of the polygonal rib as solar radiation. Atmospheric
conditions were set as the outlet pressure. The pressure–velocity
coupling in the simulation utilized a SIMPLE algorithm, and a
second-order double-precision was opted for the computations.
Second-order discretization was applied to all transport
equations. Criteria for continuity, x-velocity, and y-velocity were
set at 10−6 to ensure accurate results during residual monitoring
(Varun Kumar et al., 2021). The standard initialization method was
employed for computing all zones. In the calculation part, the
number of iterations and reporting intervals were adjusted
depending on the rib placement within the duct. After achieving
convergence, the average Nusselt number (Nu) and average friction
factor (f) values were compared with empirical Equations (9, 10, and
11) to assess thermal enhancement.

3 Validation of numerical outcomes
through comparison with previously
published findings

In our current study, we have conducted a comparative
analysis of the smooth surface analytical data concerning

average Nu and f characteristics. We compared our findings
with significant results from both numerical and experimental
investigations. Those of Singh Yadav and Bhagoria (2013),
Gawande et al. (2016), and Mahanand and Ranjan Senapati
(2020) are a few investigations that are similar to ours that are
presented in Figure 7.

Our observations indicate that the Nu values exhibit the least
variation in the data presented by Singh Yadav and Bhagoria (2013);
Gawande et al. (2016), with the maximum deviation being limited to
+5% in the case of Mahanand and Ranjan Senapati (2020).
Additionally, the friction factor (f) data display a minimal variance
in the values obtained from Mahanand and Ranjan Senapati, (2020).
This outcome instills confidence in our research, encouraging further
exploration of the proposed geometric parameters.

4 Result and discussion

This numerical analysis investigates the mean Nu, f , and THP of
the projected rough surface rib by varying the relative roughness
pitch p = 10 mm and p = 20 mm, and the relative roughness height e/
D = 0.9 performance of the rib shapes is evaluated by contrasting
them with established outcomes from published studies to
determine the extent of thermal augmentation.

4.1 Nusselt number enhancement

Figure 8 shows the Nusselt number for the proposed rib shapes
in the SAH, indicating a continuous increase in the Nu with the
Reynolds number for all rough ribs due to forced convection.
Additionally, the rib configuration induces a vortex that disrupts
the secondary layer of the flow region, leading to improved heat
transfer. As the Reynolds number increases, the length of
recirculation in the rectangular duct decreases, thereby enhancing
thermal performance. Among the rib shapes, the staggered

FIGURE 8
Nu variation with Reynolds number for different positions of the rib at relative pitch distance (A) p = 20 mm and (B) p = 10 mm.
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polygonal rib at Re = 18,000 for p = 20 mm and center rib for p =
10 mm significantly increase the heat transfer rate primarily due to
the formation of eddies near the ribs positioned in opposite
directions, which were closer to the laminar sub-layer on both
sides of the wall, and closer pitch distances in the center rib
produced greater heat transfer than others.

It was observed that the vortex size near the initial set of ribs
closest to the boundary-wall surface was gradually expanding while
boosting the Reynolds number. This expansion results in enhanced

local convective heat transfer, as indicated by the contour plots of
TKE in Figure 9 and Figure 10. These plots are based on relative
pitch distances of p = 20 mm and p = 10 mm, with the Reynolds
number ranging from 3,000 to 18,000. In the first scenario (case 1),
ribs positioned inline lead to the development of strong turbulence
originating from the first pair of ribs. These turbulent effects
intensify as they propagate downward. For the second scenario
(case 2), which involves rib and groove configurations, a high level of
circulation is generated when p = 10 mm, while a robust vortex

FIGURE 9
Contour plot of TKE at p = 20 mm in the polygonal rib at a Reynolds number of (i) 18,000 (ii) 3,800. (A) Inline, (B) staggered, (C) rib and groove (entry
and exit of the test section), and (D) rib at the center.
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forms at p = 20 mm. In the third case (case 3), which features
staggered rib positioning, vortices are generated on both sides of the
laminar surface close to the wall. A substantial circulation is
observed at higher Reynolds numbers (Re = 18,000) in the upper
wall region, while lower Reynolds numbers (Re = 3,800) result in
circulation on the bottom wall. Both the entry and exit regions are
depicted in Figure 9 and Figure 10. In the fourth case (case 4), where
ribs are positioned at the center, strong turbulence is generated at
lower Reynolds number, and minimal turbulence occurs at higher
Reynolds number.

The fluid flow velocity and their contour plot results in Figure 11
and Figure 12 demonstrate that increasing inlet velocity results in
higher turbulent intensity, causing stronger vortices near the
staggered and center-positioned rib at a relative roughness pitch
of 10 mm compared to 20 mm shown in Figure 11 and Figure 12

(c-entry and exit of the test section). This results in more robust
turbulence and increased heat energy transfer as the Reynolds
number increases in the SAH.

The pronounced interaction between the initial pair of ribs
amplifies the average Nusselt number along the streamwise
distribution. Figure 8 provides the Nu enhancement ratio for the
suggested rib configuration, with the highest Nu/Nus ratio of
3.76 observed for the polygonal-shaped rib located at the center
with a relative pitch distance of p = 10 mm and at a Re 3,800.

The fluid flow velocity contour plot in Figure 13 and Figure 14 at
p = 20 mm and p = 10 mm clearly illustrates the influence of various
polygonal-shaped ribs on the absorber plate of the SAH. It indicates
that the size of the circulation generated in the flow direction is
larger for the envisaged rib shapes at closer relative pitch distances of
p = 10 mm at a Reynolds number of 18,000. This phenomenon is

FIGURE 10
Contour plot of TKE at p= 10 mm in the polygonal rib at a Reynolds number of (i) 18,000 and (ii) 3,800 (A) Inline, (B) staggered, (C) rib and groove, and
(D) rib at the center.
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linked to the impact of the rib’s apex edge shape, which is then
accompanied by a subsequent change in the rib’s orientation. This
combination creates a strong vortex in the vicinity of the initial rib.
This induces strong turbulence near the wall surface in the flow
direction, leading to a higher heat transfer rate. Furthermore, it was
observed from all rib shapes that the center polygonal rib had a more
significant impact than other ribs at both pitch distances, as shown
in Figure 13 and Figure 14. (ii) This observation suggests that the
average Nu increases with increasing Reynolds number, primarily

because higher Reynolds numbers lead to increased recirculation in
the fluid flow direction, thereby resulting in a higher convective heat
transfer coefficient.

4.2 Friction factor characterization

Implementing a rough surface in the SAHmay lead to extra friction
losses compared to a smooth surface, but it is crucial to examine the

FIGURE 11
Contour plot of I at relative pitch distances p=20 mm in the polygonal rib at a Reynolds number of i) 18,000 and ii) 3,800. (A) Inline, (B) staggered, (C)
rib and groove (entry & exit of test section), and (D) rib at the center.
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hydraulic (heat transfer) performances in the SAH to achieve a better
heat transfer rate. For maintaining a balance in pressure drop within a
duct across different Re values, a constant pumping power is necessary.
Figures 15A,B illustrate the f characteristics for dissimilar polygonal rib
shapes with relative roughness pitch p = 20 mm and p = 10 mm in
varying Reynolds numbers. It can be inferred that the staggered
positioned rib has a record least average f , as shown in Figure 15.
The findings suggest that the average f decreases as the Reynolds
number increases, which is attributed to the conquest of the viscous
region of the sub-layer in a fully developed turbulent flow. The
staggered polygonal-shaped rib, due to the intermission in the flow
path caused by the enhanced relative roughness height of the rib,
produces lower f . In addition, it is observed that greater pitch distances
lead to a reduction in the average friction factor, especially at the
maximum Reynolds number of 18,000. From the depicted data, it can
be inferred that the average f decreases as the pitch distance increases, as
well as when the relative roughness height of the rib increases.

The pressure contour plots for relative pitch distances of p =
20 mm and p = 10 mm are illustrated in Figure 16 and Figure 17.

These plots unveil that, at a higher Reynolds number Re = 18,000,
there is a sudden increase in pressure near the entry region of the
test section due to the presence of the rough surface. Notably, a
significant impact is observed, with a larger circulation created at
the smaller pitch distance of p = 10 mm compared to p = 20 mm
in the case of ribs positioned in-line. A similar pattern is observed
in the rib and groove configurations. In contrast, staggered rib
positioning and center rib positioning result in the generation of
substantial turbulence that is symmetrically directed toward the
wall region. It is noteworthy that at a maximum Reynolds
number Re = 15,000 and a pitch distance of p = 20 mm, a
lower friction factor is obtained, whereas at Re = 18,000 and
p = 10 mm, the f is higher.

4.3 Thermo-hydraulic performances

The aim of the present research work is to investigate the
impact of the position of polygonal-shaped ribs with different

FIGURE 12
Contour plot of I at relative pitch distances p = 10 mm in the polygonal rib at a Reynolds number of (i) 18,000 and (ii) 3,800. (A) Inline, (B) staggered,
(C) rib and groove, and (D) rib at the center.
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relative pitch distances on heat transfer and friction in an SAH
(Webb and Eckert, 1972). Eq. 8 is used to evaluate the thermal
and hydraulic performance of the SAH, and the resulting average
Nu and friction factor values are presented in Figure 18 for
relative pitch distances of p = 20 mm and p = 10 mm. The
analysis illustrates that the thermo-hydraulic performance
parameter (THPP) values range from 0.43 to 2.81 for all
proposed rib shapes, as presented in Table 5. It is noted that
decreasing the relative pitch distances of the ribs leads to an
increase in the average Nu due to boundary layer interruption,
while increasing the pitch distances leads to a decrease in the
average f . The staggered polygonal-shaped rib with a relative
pitch distance of p = 10 mm at Reynolds number 8000 achieved
the highest THP value of 2.81. Table 6 provides a comparative
evaluation of rough surface shapes that have been previously
published, alongside their associated THP values. This
comparison showcases a noteworthy improvement associated
with the projected rib, as validated by the thermal enhancement
factor. The table further illustrates the diverse configurations of

polygonal-shaped ribs, each characterized by varying relative
pitch distance.

It assesses heat transfer improvement through thermal
performance and evaluates the additional frictional resistance
through hydraulic performance (Webb and Eckert, 1972). Eq. 8
is used to predict the THP of the SAH, and the resulting average Nu
and f values are plotted in Figure 18 for pitch distances of p = 20 mm
and p = 10 mm. By analyzing the present proposed shapes with
varying relative pitch distances, it was observed that the THPP value
varied between 0.43 and 2.81, as shown in Table 5. This variation in
THPP helps identify the effectiveness of the proposed ribs in
enhancing the THP of the SAH. The observation indicates that
reducing the pitch distances between the ribs significantly disrupts
the boundary layer, leading to an increase in the average Nu.

Conversely, increasing pitch distances results in a decrease in
the average friction factor. Notably, the staggered polygonal rib
shape with a relative pitch distance of p = 10 mm at an Re of
8000 achieved a maximum THP of 2.81. The THP values
obtained were compared with those of previously published

FIGURE 13
Contour plot of velocity at relative pitch distance p = 20 mm in the polygonal rib at a Reynolds number of (i) 18,000 and (ii) 3,800. (A) Inline, (B)
staggered, (C) rib and groove, and (D) rib at the center.
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FIGURE 14
Contour plot of velocity at relative pitch distance p = 10 mm in the polygonal rib at a Reynolds number of (i) 18,000 and (ii) 3,800. (A) Inline, (B)
staggered, (C) rib and groove, and (D) rib at the center.

FIGURE 15
Variation in f with varying Reynolds numbers for different positions of the rib at a relative pitch distance. (A) p = 20 mm and (B) p = 10 mm.
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rib shapes and their respective THP outcomes, as outlined in
Table 6. This comparison underscores a significant enhancement
in the proposed rib configuration, a conclusion further validated
by the thermal enhancement factor.

5 Conclusion

The study analyzed the numerical results of a 2D rectangular
duct in an SAH with artificial rough surfaces of polygonal-shaped
ribs placed at various positions inside the duct. The study
investigated the impact of relative roughness pitch distances on
the average Nu, f , and THP parameters. The following conclusions
were made

1. The study’s analysis unequivocally validates that the
incorporation of artificial roughness in a rectangular duct
significantly elevates the heat transfer coefficient compared to
a smooth surface.

2. Diverse turbulent models were assessed, and it was found that the
RNG k-ϵmodel consistently produces results closely aligned with
the empirical values of the Dittus–Boelter equation, bolstering
confidence in its applicability.

3. The investigation identifies that the most effective heat
transfer enhancement is achieved by using polygonal-
shaped ribs positioned at the center of the duct with a
relative pitch distance of p = 10 mm, particularly in cases
of lower Reynolds numbers (Re 3800). This configuration
attains a maximum average Nusselt number of 3.76,
surpassing the 3.42 Nusselt number recorded at p = 20 mm
and Re 3,800.

4. Notably, the study reveals a substantial increase in the friction
factor (f ) with the introduction of artificial roughness. At a
relative pitch distance of p = 20 mm and Reynolds number of
18000, the maximum f is 3.66 times that of a smooth surface, and
at p = 10 mm, it is 2.6 times higher.

5. In the context of staggered rib positioning at a relative pitch
distance of p = 10 mm and Reynolds number Re 8000, the

FIGURE 16
Contour plot of pressure at relative pitch distances p = 20 mm in the polygonal rib at a Reynolds number of (i) 18,000 and (ii) 3,800. (A) Inline, (B)
staggered, (C) rib and groove, and (D) rib at the center.
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FIGURE 17
Contour plot of pressure at relative pitch distance p = 10 mm in the polygonal rib at a Reynolds number of (i) 18,000 and (ii) 3,800. (A) Inline, (B)
staggered, (C) rib and groove, and (D) rib at the center.

FIGURE 18
Comparison of thermo-hydraulic performance of various rib positions at (A) p = 20 mm and (B) p = 10 mm with Reynolds number.
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research identifies the attainment of the highest peak THP, which
reaches 2.813.
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Nomenclature

L Length of the duct, mm

L1 Inlet length of the duct, mm

L2 Test length of the duct, mm

L3 Outlet length of the duct, mm

Cp Specific heat of air, J/kg k

D Equivalent or hydraulic diameter of the duct, mm

e Rib height, mm

h Heat transfer coefficient, W/m2 k

H Depth of the duct, mm

I Turbulence intensity/intensity of solar radiation,W/m2

k Thermal conductivity of air, W/m k

m Mass flow rate, kg/s

dp Pressure drop, Pa

p Pitch, mm

To Fluid outlet temperature, K

Ti Fluid inlet temperature, K

Ta Ambient temperature, K

v Velocity of air in the duct, m/s

W Width of the duct, mm

TKE Turbulent kinetic Energy

I Turbulent intensity

Dimensionless parameters

Nu Nusselt number

Nur Nusselt number for the rough duct

Nus Nusselt number for the smooth duct

f Friction factor

fr Friction factor for a rough surface

fs Friction factor for a smooth surface

Pr Prandtl number

Re Reynolds number

St Stanton number

W/H Duct aspect ratio

Greek symbols

ρ Density of air, kg/m3

ε Dissipation rate

ω Specific dissipation rate

δ Transition sub-layer thickness, m

µ Dynamic viscosity, Ns/m2

µt Turbulent viscosity, Ns/m2

k Turbulence kinetic energy, m

Γ Molecular thermal diffusivity

Γt Turbulent thermal diffusivity
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