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Abstract As the cost of fuel rises, designing efficient solar air heaters
(SAH) becomes increasingly important. By artificially roughening the ab-
sorber plate, solar air heaters’ performance can be augmented. Turbulators
in different forms like ribs, delta winglets, vortex generators, etc. have been
introduced to create local wall turbulence or for vortex generation. In the
present work, a numerical investigation on a solar air heater has been con-
ducted to examine the effect of three distinct turbulators (namely D-shaped,
reverse D- and U-shaped) on the SAH thermo-hydraulic performance. The
simulation has been carried out using the computational fluid dynamics, an
advanced and modern simulation technique for Reynolds numbers ranging
from 4000 to 18000 (turbulent airflow). For the purpose of comparison, con-
stant ratios of turbulator height/hydraulic diameter and pitch/turbulator
height, of 0.021 and 14.28, respectively, were adopted for all SAH configura-
tions. Furthermore, the fluid flow has also been analyzed using turbulence
kinetic energy and velocity contours. It was observed that the U-shaped
turbulator has the highest value of Nusselt number followed by D-shaped
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and reverse D-shaped turbulators. However, in terms of friction factor, the
D-shaped configuration has the highest value followed by reverse D-shaped
and U-shaped geometries. It can be concluded that among all SAH con-
figurations considered, the U-shaped has outperformed in terms of thermo-
hydraulic performance factor.

Keywords: CFD; Renewable energy; Solar air heater; Turbulence kinetic energy; Thermo-
hydraulic performance

Nomenclature
AP – heat transfer area, mm2

Cp – specific heat capacity, J/(kgK)
Dh – hydraulic diameter, mm
e – rib height, mm
fr – friction factor
h – heat transfer coefficient, W/m2K
H – duct height, mm
I – heat flux, W/m2

k – thermal conductivity, W/(m K)
l – duct length, mm
ṁ – mass flow rate, kg/s
Nu – Nusselt number
Pi – pitch, mm
p – pressure, Pa
∆p – pressure drop, Pa
Re – Reynolds number
Q̇u – useful heat gain, W
T – temperature, K
U – mean airflow velocity in the duct, m/s
ui – air flow velocity component in i direction (i = 1, 2)
W – duct width, mm

Greek symbols

ρ – density, kg/m3

µ – dynamic viscosity, Ns/m2

λ – thermal diffusivity, m2/s
v – kinematic viscosity, m2/s

Subscripts

in – inlet
F – fluid
out – outlet
P – absorber plate
t – solar air heater with turbulator
s – smooth solar air heater
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Abbreviations

SAH – solar air heater
SST – shear stress transport
CFD – computational fluid dynamics
ASHRAE – American Society of Heating, Refrigerating and Air-Conditioning

Engineers
THPF – thermo-hydraulic performance factor
RNG – renormalization group

1 Introduction

The majority of energy is mainly produced using traditional energy sources
such as coal, oil, and natural gas. As a result, traditional energy sources
are decreasing at an alarming rate. Furthermore, these energy sources also
pollute the environment significantly. So, in order to meet the energy needs
of such a vast population, some non-traditional energy sources are needed
that do not affect the environment and are easily available. As a result,
the usage of alternative energy sources such as solar, wind, biomass, and
hydropower has been explored very much in recent decades. Major sources
are primarily derived from solar energy either directly or indirectly. Solar
energy has been used for a variety of applications, including water heating
and cooling, space heating, water purification, cooking, and power genera-
tion [1–3]. One of the most common uses of solar energy is room heating
via a device known as a solar air heater (SAH). SAH is a better device
in terms of handiness, maintenance, and environmental damage. However,
one of the major drawbacks of SAH is its poor thermal performance, which
is caused by a low heat transfer rate from the absorber plate to the fluid
flow, i.e. air. Generally, the flow in SAH is in a turbulent regime as more
flow has to take place. So, when air molecules collide with a stationary
surface, a thin viscous sublayer forms near the wall in turbulent boundary
layers, where the damping impact of molecular viscosity on turbulent ve-
locity fluctuation is dominant, as indicated by Bopche et al. [4]. Because
of the comparatively low velocity of the air and reduced thermal conduc-
tivity, the heat transfer rate between the absorber plate and the air in this
viscous sublayer is adversely affected. However, artificial roughness, such
as baffles and ribs, twisted tapes, dimples, etc. can be used to overcome
this problem [5–8]. This roughness causes turbulence inside the air duct,
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which causes the laminar sublayer to break down, increasing the heat trans-
fer coefficient. Artificial roughness, on the other hand, causes friction loss.
As a result, turbulence must only be induced in the laminar sublayer, i.e.
near the duct surface. Turbulators’ applications are not limited to solar
air heater but has also been used in other cooling devices such as photo-
voltaic/thermal collector [9], gas turbine blades [10], and car radiator [11].

Chaube et al. [12] studied numerically a solar air heater with ribs having
square, rectangle, chamfered, circular, semi-circular, and triangular shapes.
They observed that rectangular ribs have yielded the best thermo-hydraulic
performance. They also pointed out that the shear stress transport (SST)
turbulence model, i.e. SST k-ω model, accurately predicts the experimen-
tal value. Karmare et al. [13] employed rib grits in a circular, triangular,
and square shape with five distinct angles of attack of 54◦, 56◦, 58◦, 60◦,
and 62◦. Their study involved Reynolds numbers ranging from 3600 to
17 000. In the commercial solver (Ansys Fluent), they used the k-epsilon
model. They found that a 58◦ angle of attack has yielded optimum perfor-
mance. Rajput et al. [14] used square, triangular, rectangular, and cham-
fered turbulators to evaluate flow properties in a SAH. For the analysis,
they employed the SST k-ω turbulent model. They observed that triangu-
lar and chamfered turbulators provided better thermal characteristics while
rectangular turbulators have the best overall performance index among
all the configurations. Chaube et al. [15] analyzed nine different forms of
ribs in a rectangular duct using the SST k-ω model in the CFD program.
They found that rectangular ribs with a surface area of 3 mm × 5 mm
had the best performance index. Furthermore, they also pointed out that
two-dimensional analysis predicts the experimental results more accurately.
Yadav and Bhagoria performed a parametric computational study on a so-
lar air heater having equilateral triangular sectioned rib roughness on the
absorber plate [16]. They reported that the thermo-hydraulic performance
parameter varies between 1.36 and 2.11 for different geometrical param-
eters of ribs. Semalty et al. [17] employed a novel approach of multiple
broken arc and circular protrusions as roughness in a solar air heater and
found that such configuration improves the thermal performance of the so-
lar air heater with a minimum penalty of frictional pressure drop. Bohra
et al. [18] roughened their absorber plate with 45◦ Z-shaped baffles in their
numerical study and found that a blockage ratio of 0.3 yielded optimum
performance.

Following the above discussion, we have found that the turbulator shapes
can significantly affect the thermo-hydraulic performance of a solar air
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heater. So, in the present work, three different shaped turbulators i.e.
D-shaped, reverse D-shaped, and U-shaped were studied. They are named
according to their constructional feature. As per the best knowledge of the
authors, these turbulator configurations have not been reported for solar
air heaters and the same is the novelty of the present work. These turbu-
lators were attached to the absorber plate to disturb the viscous sublayer.
Furthermore, the investigation was carried out to visualize the impact of
variation in Reynolds number on the fluid flow characteristics, heat trans-
fer, and friction. The prime objective of the present work is to explore the
possibility of enhancement in the thermo-hydraulic performance of solar air
heaters using differently shaped turbulators.

2 Numerical modelling

2.1 Computational domain

Using three various types of turbulators, a two-dimensional numerical anal-
ysis was carried out to see how the performance of the solar air heater would
change. The schematic diagram of the solar air heater in its operation is
shown in Fig. 1a. The geometries of turbulators employed in this study were
U-shaped, D-shaped, and reverse D-shaped as depicted in Fig. 1b. In this
study, we built the two-dimensional rectangular SAH duct domain in the
same way as Chaube et al. [15] did. The 2D flow domain was designed using
the principles of ASHRAE standard 93-2003 [19]. The use of a numerical
approach, i.e. computational fluid dynamics solver, is more common in sim-
ilar types of problems [20, 22, 23] and predicts the flow physics accurately.
The present simulations has been carried out in the CFD commercial code
Ansys Fluent V 16.0. The duct is divided into three sections. The input and
output sections are 245 and 115 mm, respectively. The length of the test
segment is 280 mm. The area where the absorber plate is installed is known
as the test section. The absorber plate is where the various turbulators are
mounted. On this absorber plate, a continuous heat flux of I = 1000 W/m2

is applied to model the solar radiation. The rib height is kept constant at
0.7 mm and the pitch is kept at 10 mm. The temperature of the working
fluid and ambient air at the inlet is 300 K. The hydraulic diameter is esti-
mated to be 33.33 mm. Table 1 summarises the parameters applied in the
simulations.
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(a)

(b)

Figure 1: A diagram of the solar air heater (a) and differently shaped turbulators:
U-shaped (b1), reverse D-shaped (b2), and D-shaped (b3).

Table 1: Parameters employed in the analysis.

Parameters Symbols Values

Total length of the duct, mm L 640

Duct width, mm W 100

Duct height, mm H 20

Roughness ribs height, mm E 0.7

Pitch, mm Pi 10

Hydraulic diameter, mm Dh 33.33

Relative roughness pitch Pi/e 14.285

Relative roughness height e/Dh 0.021

Uniform heat flux, W/m2 I 1000

Reynolds number Re 4000, 8000, 12000, 16000, 18000

Inlet temperature of the air, K Tin 300
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2.2 Grid generation

The computational domain of SAH has been discretized in quadrilateral
structural meshing. Furthermore, to get uniform meshing throughout SAH,
face meshing and body sizing of 0.2 mm was used. The meshed image of
SAH having D-shaped turbulators is shown in Fig. 2 with a zoomed view.
The grid independence test has also been carried out to predict results
more accurately in lesser computational time. The grid convergence index
(GCI) has been used to measure the relative change in the corresponding
magnitude with the grid refinement [24,25]. However, in the present work,
the average Nusselt number for different mesh sizes has been compared.
Table 2 highlights the change in the Nusselt number with variation in the
number of elements in the computational domain. As the number of ele-
ments for the D-shaped configuration increases, the percentage variation of
the Nusselt number decreases. Furthermore, it was observed that the mesh
size between the last two cases has very low variation, so the number of
319 907 cells was considered in further studies.

Figure 2: Meshing of SAH having D-shaped turbulators.

Table 2: Grid independence test in SAH with the D-shaped turbulators.

Number of nodes Number of cells Nusselt number Variation, %

280781 100242 66.32 –

564231 201264 92.68 39.74

898165 300127 110.89 19.65

966392 319907 114.59 3.34

1001879 340213 114.74 0.13
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2.3 Governing equations

The fluid phenomenon in artificially roughened rectangular solar air heater
ducts is solved by using steady-state two-dimensional continuity equation,
time-independent incompressible Navier–Stokes equations and the energy
equation [5, 17]. These equations can be written in the Cartesian tensor
system as follows:

Equations of continuity:
∂ui

∂xi
= 0, i = 1, 2 , (1)

where xi are the Cartesian coordinates and ui are the components of fluid
velocity in xi-direction.

Equations of momentum:

∂ (uiuj)
∂xj

= 1
ρ

−∂p
∂xi

+
∂

[
ν

(
∂ui

∂xj
+ ∂uj

∂xi

)]
∂xj

−
∂
(
u′iu
′
j

)
∂xj

, i, j = 1, 2 , (2)

where p is the pressure, ρ and µ are the density and dynamic viscosity
of air, respectively, over-bar denotes a time averaged quantity and prime
denotes the deviation from average. The last term on the right-hand side
of Eq. (2) is the Reynolds stress tensor and represents the effect of the
turbulent fluctuations on the decomposed velocity and pressure fields.

Equation of energy:

∂

∂xj
(ujT ) = ∂

∂xj

[
(λ+ λt)

∂T

∂xj

]
, (3)

where T is the thermodynamic temperature at different location. The sym-
bols λ and λt are molecular thermal diffusivity and turbulent thermal dif-
fusivity, respectively.

Adding turbulators in the fluid flow duct enhances heat transfer, as
predicted by calculating Nusselt numbers [26, 27]. In addition to this en-
hancement, the friction factor also increases. In artificially roughened solar
air heaters, the Nusselt number is calculated as follows:

Nu = hDh

k
= Q̇uDh

AP (TP − TF ) k , (4)

where AP is the heat transfer area, Dh, k, and h denote the hydraulic di-
ameter of the duct, the thermal conductivity of air, and the heat transfer
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coefficient between the air and SAH absorber plate, respectively. Param-
eters TP and TF are the average temperatures of the absorber plate and
fluid, respectively. The quantity Q̇u is the heat gained by air during its flow
in the SAH duct and is calculated using the equation

Q̇u = ṁCp (Tout − Tin) , (5)

where ṁ is the mass flow rate of air in the duct, Cp is the specific heat
capacity, Tout and Tin are temperatures of air at the outlet and inlet cross-
sections, respectively.

The friction factor is calculated as

fr =
∆p
l
Dh

1
2ρU

2
, (6)

where ∆p is the pressure drop across the test section length (l) of an arti-
ficially roughened solar air heater and U is the mean velocity of the air i.e.
resultant of ui and uj . The Reynolds number is calculated as

Re = ρUDh

µ
, (7)

where µ is the dynamic viscosity of air.
Thermo-hydraulic performance factor (THPF) has been proposed by

Webb and Eckert [28] and the expression used in the present work is

THPF =

Nut

Nus( frt

frs

) 1
3
, (8)

where subscripts t and s stand for solar air heater duct with and without
turbulators, respectively.

2.4 Validation of results

The results of the present numerical model have been validated with the
research outcomes of Yadav and Bhagoria [16]. They opted equilateral tri-
angular sectioned rib on the absorber plate of the solar air heater. The
geometry, similar to Yadav and Bhagoria [16] has been created and sim-
ulated in commercial code Ansys under the constant value of heat flux
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(1000 W/m2) and using RNG k-ε turbulence model. The variation of two
different parameters, i.e. Nusselt number (Nu) and friction factor (fr) with
respect to Reynolds number (Re) has been compared as illustrated in Fig. 3.
It is observed that our numerical model results are similar to those reported
by Yadav and Bhagoria [16]. The deviation in Nu value and fr value can
be due to assumptions considered in the present simulation like constant
thermophysical property of the working fluid, incompressible flow, etc.

(a) (b)

Figure 3: Comparison of the Nusselt number (a) and friction factor (b) values obtained
in the present work with those of Yadav and Bhagoria [16].

3 Results and discussion

The results of the CFD analysis of a roughened solar air heater were thor-
oughly reviewed. With the help of Ansys Fluent findings, we explored
aspects such as heat transfer characteristics, pressure drop, friction fac-
tor, turbulent kinetic energy, temperature change, and energy conversion.
With the inclusion of different turbulators, the SAH performance varies.
Finally, the thermo-hydraulic performance factor is used to compare all
three configurations. All simulations were studied under the constant value
of relative roughness pitch (Pi/e = 14.285) and relative roughness height
(e/Dh = 0.021).

3.1 Velocity contour

The variation in the velocity of the flowing fluid, i.e. air inside the duct, is
depicted in Fig. 4. Furthermore, the figure also shows the zoomed view of
the computational domain near the turbulators. The contours have been
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plotted for Reynolds number of 18000. The fluctuation in velocity will be
reduced if a smooth surface is chosen. However, if some roughness is applied
inside the duct, the velocity variation will be greater because the space
available for air circulation around the ribs is limited, and the velocity
of air should rise below the ribs to maintain a consistent mass flow rate.
The turbulence inside the duct will rise as the air velocity increases. This

(a)

(b)

(c)

Figure 4: Velocity contour in the SAH duct employing (a) U-shaped roughness,
(b) D-shaped roughness, and (c) reverse D-shaped roughness.
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will increase heat transfer between the absorber plate and the air, which is
the primary goal of adopting varied roughness. However, there is a penalty,
i.e. increase in pressure drop along the flow direction. Due to that more
pumping power is required to flow fluid through the duct of SAH.

3.2 Turbulent kinetic energy contour

The mean kinetic energy per unit mass associated with eddies in turbulent
flow is known as turbulent kinetic energy. With the help of turbulence
kinetic energy, we can directly describe the strength of turbulence in the
flow field. The thermal phenomenon in an artificially roughened SAH can
be explained using turbulent kinetic energy contours. The contours show
that the largest value of turbulent kinetic energy is found near the absorber
plate and between the first and second rib and that it decreases along the
absorber plate length. The variations of turbulent kinetic energy in SAH
for differently shaped turbulators (i.e. U-, D-, and reverse D-shaped) are
depicted in Fig. 5.

(a)

(b)

Figure 5: For caption see next page.
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(c)

Figure 5: Turbulent kinetic energy contour in the SAH duct employing (a) U-shaped
roughness, (b) D-shaped roughness, and (c) reverse D-shaped roughness.

3.3 Heat transfer and Fluid flow characteristics

A numerical analysis of the solar air heater was carried out in order to de-
termine the heat transfer enhancement. To improve heat transfer, we used
three different types of ribs in our investigation. The U-shaped, D-shaped,
and reverse D-shaped ribs were considered. All other parameters were main-
tained constant, hence the properties of the solar heater are mostly deter-
mined by the Reynolds number. In this study, the Reynolds numbers ranged
from 4000 to 18000. At a Reynolds number of 18000, the maximum heat
transfer is obtained. Variation of the Nusselt number with respect to the
Reynolds number for all SAH configurations is depicted in Fig. 6. As can

Figure 6: Variation of Nusselt number with Reynolds number for different turbulator
geometries.
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be seen from the figure, among all configurations U-shaped roughness has
shown the best performance.

The change in friction factor with Reynolds number from 4000 to 18000
for all configurations is demonstrated in Fig. 7. As artificial roughness was
introduced in the smooth absorber plate, the friction factor increased for all
roughened geometries. While among all configurations, U-shaped geometry
has shown a minimal friction factor.

Figure 7: Variation of friction factor with Reynolds number for different turbulator
geometries.

3.4 Thermo-hydraulic performance factor

Using different surface roughness in the solar air heater results in enhanced
thermal performance but at the expense of pressure drop penalty. Differ-
ent terms such as the figure of merit, coefficient of performance, thermal
performance factor, etc. have been used in the literature to evaluate the
design efficacy [29,30]. The term thermo-hydraulic performance factor has
been outlined by Webb and Eckert [28] in the design of the solar air heater
and the same has been incorporated here. Obtained results are presented
in Fig. 8. They illustrate that among the considered configurations, SAH
with U-shaped roughness has the highest value of THPF followed by re-
verse D-shaped and D-shaped geometries. Furthermore, the THPF value
decreases continuously with the Reynolds number due to an exponential
increase in pressure drop. The highest THPF of 1.762 was reported for
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U-shaped roughness at Re = 4000. There are various optimization tech-
niques like Taguchi [31], Taguchi-Topsis [32], the preference selection in-
dex method [33], the hybrid entropy-VIKOR (VIšekriterijumsko KOmpro-
misno Rangiranje) method [34], the hybrid analytical hierarchy process and
preference ranking organization method for enrichment evaluations tech-
nique [35], analysis of variance [36], etc., which can be opted in SAH for
effective performance.

Figure 8: Variation in thermo-hydraulic performance factor as a function of Reynolds
number for various geometries.

4 Conclusion

In the present work, a two-dimensional CFD model of a solar air heater hav-
ing an artificially roughened absorber plate has been analyzed. For compar-
ison purposes, three different roughness shapes, namely D-shaped, reverse
D-shaped, and U-shaped were studied for constant turbulator height to hy-
draulic diameter and pitch to turbulator height ratios of 0.021 and 14.28,
respectively. The heat transfer and flow friction characteristics of differ-
ent roughness shape configurations were compared. The following are the
outcomes of the above investigation:

• For the investigation of a two-dimensional rectangular duct, the RNG
k-ε model provides satisfactory accuracy.

• For all types of geometry, the Nusselt number increases with an in-
crease in the Reynolds number while the friction factor decreases.

• The presence of turbulators in a solar air heater significantly increases
the heat transfer rate but at the expense of an increased friction fac-
tor. The maximum enhancement in the Nusselt number was 2.56 times
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while the highest friction factor increment was 3.60 times relative to
the smooth solar air heater.

• Among different turbulator configurations, the U-shaped configura-
tion has shown the highest value of Nusselt number followed by the D-
shaped and reverse D-shaped. In terms of friction factor, the D-shaped
configuration had the highest value followed by reverse D-shaped and
U-shaped configurations irrespective of Reynolds number.

• Among the examined configurations, SAH with U-shaped turbulators
has shown the best thermo-hydraulic performance factor, with the
highest value of 1.76 at the Reynolds number of 4000.

Received 2 November 2022
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