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Due to their sustainability and availability, solar thermal collectors are frequently employed to heat homes. This
technique has the advantage of being non-polluting and efficient. The poor thermal efficiency of classic solar air
heaters is caused by the low convective heat transfer coefficient between the absorber plate and the circulating

fluid. The aim of this research is to determine the optimal configuration of flow disruptors -
in order to streamline the efficiency of the solar collector while maintaining affordable costs.

size and distribution -
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1. Introduction

Studies have highlighted the importance of solar thermal
collectors for heating homes due to their efficiency and
non-polluting nature. The efficiency of solar receivers for
thermal applications, like home heating, relies on
optimizing the solar angle of incidence as well as
convective heat transfer coefficients between the
absorber plate and heat transfer fluid [1]-[2]. Creating a
laminated sublayer on the lower side of the absorber plate
can help increase convective heat transfer coefficients
and improve the overall performance of solar air heaters
[3]-[4].

To tackle this problem, previous research has
suggested installing turbulence promoters on the bottom
of the absorber plate. This approach aims to disrupt the
formation of the viscous sublayer to enhance the thermal
efficiency of solar collectors [5]-[9]. Previous studies
[10]-[12] extensively investigated the effectiveness and
feasibility of harnessing solar energy. These studies
examined various techniques and advancements to
optimize the utilization of this renewable energy source.
Their findings have significantly contributed to the
enhancement of solar technologies as well as led to a
deeper comprehension of their performance and practical
application. In conclusion, solar thermal collectors are an
efficient and environmentally-friendly solution for
heating homes. By incorporating turbulence promoters
into the absorber plate, the thermal efficiency of solar
collectors can be improved as they disrupt the viscous
sublayer.
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Previous research has played a significant role in
the optimization of solar energy utilization, making
valuable contributions to its advancement and broader
acceptance.

A study on improving thermal efficiency in
Hungary examined home heating using only solar power,
including the heat output, storage capacity and cycle
timing. It offers ideas for district heating and power
generation as well as a workable strategy for heat storage
[13].

Another study introduced a new sensible heat
storage system designed for solar energy using a spiral
flow-path layout to improve efficiency. Results show
superior levels of efficiency compared to traditional
systems [14].

A study proposed the use of inclined baffles at the
top of a flat solar collector [15]. A heat transfer analysis
was conducted using the RNG k-¢ model and Fluent
software. The results showed that the best level of heat
transmission occurs when the baffles are placed at the
bottom of the collector. This configuration makes it
possible to optimize the efficiency of the flat-plate solar
air collector.

Using COMSOL Multiphysics 5.4, a performance
simulation of a flat-plate solar air collector with
rectangular baffles was performed [16]. The intent of this
sensor was to heat both air and water. This approach
makes it possible to exploit solar energy for different
thermal needs.

An experimental study conducted by Chabane [17]
in Biskra, Algeria focused on the reduction of direct heat
losses from a solar air collector. The experimental model
included double glazing and enlarged the space between
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Table 1: Thermophysical properties

Properties Al :ﬁzserber Fluid/Air
p (kg/ m?) 2719 1.225

A (W/mk) 202.4 0.0242
Cp (J/kgk) 871 1006.43
w (N.s/ m?) 1.7894e-05

the double glazing to reduce such losses. Experimental
results indicated that a reduction in the forward thermal
loss of the solar air collector is achieved with the
integration of additional glazing.

These investigations highlight different approaches
to improve the efficiency and reduce the thermal losses
of flat-plate solar air collectors. In order to make better
use of solar energy in air and water heating, the use of
baffles and double glazing are techniques that are often
used.

In a study conducted by Amraoui [18], the solar
collector was modeled using computational fluid
dynamics (CFD) software to better understand its heat
transfer capabilities. Ansys Workbench was used to
model the air intake and manifold in three dimensions,
while Ansys ICEM was used to generate the grille.

Abdi [19] used the finite volume method to
investigate the flat-plate solar air collector and used the
Ansys Fluent CFD simulation to solve the system of
equations in the computational and thermal analysis of
the collector.

Kumar et al. [20] explored the addition of
cylindrical baffles perpendicular to the dynamic airflow
between the absorber and the insulation of the flat-plate
solar air collector. This configuration aims to increase the
convective heat transfer coefficient between the air and
absorber, thereby improving the efficiency of the sensor.

To enhance the efficiency of flat-plate solar air
collectors, an original concept of artificial roughness was
introduced to optimize heat transfer by incorporating
roughness into the surface of the absorber [21].

In a separate study, trials were conducted to
quantify the rate of heat transfer in an airflow channel
with different baffle shapes, including triangular, wedge
and rectangular designs [22]. This study showed that a
triangular  baffle offers a significant thermal
improvement compared to the other baffles studied.

These studies highlight different approaches and
techniques such as CFD modeling, the addition of baffles
as well as the use of artificial roughness models to
enhance the efficiency and heat transfer of flat-plate solar
air collectors.

An investigation was conducted on the heat
exchange characteristics of a fluid flowing in a
rectangular conduit equipped with different shapes of
baffles such as rectangular, triangular, circular and
trapezoidal. The findings showed that raising the height
of the baffle contributes to an increase in the Nusselt
number, indicating an improvement in heat exchange
[23].

Furthermore, a research investigation was
conducted [24] to analyze the thermal-hydraulic
properties of a channel fitted with a V-shaped deflector,
wherein the angle of inclination varied in relation to the
horizon. They found that the highest level of heat
exchange is achieved when the baffle is tilted at an angle
of 45°.

Another study on heat exchange in turbulent airflow
through a container equipped with one or more baffles
was conducted [25]. Two baffles were tilted at an angle
of 45° in this study, showing that by placing them in
opposite positions, the rate of heat exchange increases by
up to 6%.

Other studies have also examined the impact of
obstacles and baffles on heat transfer. These studies were
conducted both numerically and experimentally,
analyzing laminar and turbulent flows. Some studies are
limited to two-dimensional cases. The objective of these
researches is to rationalize the geometric forms of the
baffles and understand their effect on heat transfer with
regard to the absorber.

These researches seek to improve the design of flat-
plate solar air collectors by employing turbulence
promoters and barriers to optimize the efficiency of heat
transfer and contribute to a better understanding and
optimization of these systems for a more efficient use of
solar energy.

2. CFD simulation

CFD is employed to examine a two-dimensional solar air
heater conduit featuring artificially roughened ribs. The
resolution of the conservation equations of mass,
momentum and energy is conducted using the finite
volume method with the Ansys Fluent 16.0 software. The
analysis is based on several hypotheses:

1. The flow is assumed to be stable,
dimensional and turbulent.

2. The flow through the conduit is considered to be
single-phase.

3. The surfaces in contact with the fluid are the
walls, which are subjected to a no-slip boundary
condition.

4. The fluid within the operating range of the solar
heater unit is assumed to be incompressible as
variations in density along its width and height are
negligible.

5. The air and aluminum absorber plates are
assumed to exhibit constant thermophysical
properties throughout the analysis (7able 1).

6. Minor radiant heat losses and other losses are
taken into account in this analysis. These
assumptions help simplify the problem and focus
on the key aspects of flow and heat transfer within
the solar heater unit conduit. The simulation
results will provide valuable insights into the
performance of the system and enable the
optimization of the rib design to enhance heat
transfer efficiency.

two-
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Table 2: Geometric dimensions
conditions

and operating

Geometric parameters Interval
Duct inlet section: L1 (mm) 245
Duct outlet section: L3 (mm) 115
Test section of duct: L2 (mm) 280
Thickness: e (mm) 1.00-1.14
Hydraulic Diameter of 3333
conduit: D (mm) )

Rib pitch: p (mm) 20-10
Ratio p/e 14.28 - 17.14
Ratio e/D 0.042 - 0.030

2.1. Geometric model

A rectangular duct as a calculation domain for the solar
heater unit is presented in this study. The dimensions of
the duct (Figure I) are its height (H) = 20 mm, width (W)
= 100 mm and total length (L) which is divided into three
sections: an inlet section (L/), a second test section (L2)
and a third outlet section (L3). Figure 2 shows three
different types of rib shape (triangular, square, semi-
circular). The influence of the relative roughness height
(e/D), relative roughness pitch (p/e) and the Reynolds
number (Re) range of 3500 to 18000 on the system is
presented. By choosing these parameters, different
configurations are explored and a wide range of operating
conditions for solar heaters covered in this study. The
objective is to assess how the relative roughness height,
relative roughness pitch and Reynolds number impact the
performance of the system, ultimately optimizing the
design of the solar heater unit in order to enhance its heat
transfer efficiency.

The absorber plate is heated with a constant heat
flux (q) of 1000 W/m? in this study. The geometric
dimensions and operating conditions are summarized in
Table 2.

2.2. Mesh generation

The accuracy of the results obtained in the numerical
simulation essentially depends on the mesh. In this study,
the numerical solutions are obtained using a non-uniform
mesh structure generated by applying Ansys 16.0
software. For the analysis, a grid containing 300,665 cells
was adopted after careful verification of the values of the
Nusselt number and the friction factors.

The non-uniform mesh structure of the solar air
heating conduit is illustrated in Figure 3. A non-uniform
grid enhances the resolution of velocity and temperature
gradients through the duct, leading to more accurate
results. This approach also reduces the computational
time required to obtain a convergent solution. The non-
uniform mesh structure used in this study will provide

245 mm

Figure 1: Proposed 3D diagram of SAH

(a)
(b)

Figure 2: Proposed SAH with three shapes of ribs: a)
triangular, b) square, c) semi-circular

Figure 3: Non-uniform wire mesh of the pipe of the
solar air heater

reliable and accurate results for heat exchange in the solar
air heating duct.

2.3. Mesh sensitivity

The impact of the mesh size on variations in the Nusselt
number (Nu) and coefficient of friction (f) are illustrated

52(2) pp. 1-9 (2024)
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Table 3: Mesh sensitivity

Number Elements Relative Relative
of . AP .
clements S Nu (Pa) 1 error of error of
Nu (%) fi (%)
51710 0.50 34486 1.1989 0.0324 - -
79997 0.40 36.455 1.0935 0.0296 1.9690 0.0028
103095 0.35 37457 13766 0.0372 1.0018 0.0076
167657 0.27 37.952 13487 0.0365 0.4946 0.0007
300665 0.15 37.895 1.4804 0.0401 0.0057 0.0036

in Table 3 to demonstrate their sensitivity. It was found
that when the grid number (element number) was larger,
the relative error of the Nusselt number and coefficient
of friction was almost zero.

3. Governing equations

The problem of convective heat transfer in a solar
collector, which is equipped with an absorber plate that
is artificially rough, is solved using the equations that
govern continuity, conservation of momentum and
energy. These equations are well-established and can be
expressed in the two-dimensional Cartesian coordinate
system as follows.

The flow in the system is considered to be two-
dimensional and stable, moreover, the fluid is
incompressible. Additionally, the radiation heat transfer
from the conduit into the environment is assumed to be
negligible. The continuity equation governing the system
is expressed as follows:

=0 )

The equations governing momentum in the system are
provided below:

ou v
dx  dy

ou ou 19p (62u 62u)
U—+v—=—--=+v(-5+— 2
ax + ay p 0x + dx? + dy? @)
ov ov 19p (6217 6217)
U—+v—=—-— —+— 3
ax + oy pdy dx? + dy? ®)

The energy equation is given by:

uaT+vaT _ (02T azr)
ax ay ax2 = 9y?

4)
3.1. Performance of the Solar Air Heater
(SAH)

By analyzing the thermal and hydraulic parameters, the
design of the solar thermal unit can be optimized.

3.1.1. Thermal performance

Using the Hottel-Whillier-Bliss equation described by
Duffie and Beckman [3], the thermal performance of the
solar heater units by taking into consideration the heat
transfer process within the collector can be evaluated:

Qu = AcFell(ta) — UL(T; — T)] (%)
This equation can be written as follows:
Gu = 3= Fpll (@), = Uy (T = T,)] (6)

The valuable heat transfer rate resulting from the
circulation of air through the duct of a solar heater unit
can be determined the following equation:

Qu = me(TO - Ti) = hAc(Tpm - Tam) @)

The heat transfer coefficient (h) can be enhanced by
implementing various active and passive augmentation
techniques that increase its value. This enhancement can
be quantified using a non-dimensional form called the
Nusselt number:

Nu, = "2 ®)
where
D= 4(H:W) (9)

For a slick (smooth wall) conduit of a solar heater
unit, the Nusselt number can be determined using the
Dittus-Boelter equation [26]:

Nug = 0.023Re%8Ppr04 (10)

3.1.2. Hydraulic performance

The drop in pressure (4P) indicates the energy
consumption of the fan necessary to propel the air across
the conduit and is related to the hydraulic performance of
a solar heater unit. For a fully developed turbulent flow
in a pipe where Re = 50,000, the drop in pressure can be
calculated as:

_ (AP/L)D

fr - 2pvU? (11)

For a slick conduit of a solar heater unit, the friction
factor can be determined using the Blasius equation [27]:

f. = 0.0791Re 025 (12)

3.1.3. Thermal and hydraulic effectiveness

When assessing the efficiency of a solar air heater, it is
essential to consider the energy expended to propel air
and enhance the amount of heat gained. The concept of a
solar air heater must be optimized in such a way as to
maximize the transfer of thermal energy to the heat
transfer  fluid while minimizing the electrical
consumption of the fan. To analyze the overall
performance of a solar air heater, it is necessary to
simultaneously evaluate the thermal and hydraulic
characteristics of the collector, facilitating the complete
evaluation of its thermal-hydraulic performance. The
thermal-hydraulic performance parameter (THPP) is an
important criterion used to evaluate thermal-hydraulic
performance by comparing the heat transfer of an
artificially rough pipe to that of a slick pipe when
subjected to constant ventilation power stresses. This
parameter is defined by Webb and Eckert [28] as follows:

Nuy/Nug (13)

THPP = o iors
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The effectiveness of an enrichment device can be
determined by obtaining a value greater than one,
allowing different devices to be compared and the most
efficient one identified. THPP, based on a constant
ventilation power, is a commonly utilized metric in the
literature to assess the relative efficiency of different rib
geometries in terms of enhancing heat transfer when
ventilation conditions are stable.

4. Analysis of the results

4.1. Model validation

The Fluent code is utilized to simulate the slick conduit
using the RNG k-¢ turbulence model where the absorber
plate is considered to exhibit no artificial roughness. The
findings of the Nusselt numbers and friction coefficients
obtained are compared with the outcomes taken from the
theoretical correlations given in the literature (see
Figures 4 and 5).

The numerical results obtained from the Nusselt
numbers and the friction coefficients are in good
agreement with the Dittus-Boelter and Blasius
correlations, respectively, whose minimum errors were
less than 0.6% and the maximum ones did not exceed 5%
(see Figures 4 and 5). Indeed, the turbulence model used
is validated for this type of flow.

60 -
M Résultats simulation
50 4 # Corrélation de Boelter L]
[
40 i
Z 30 &
20 ‘
[
10 +
o]
o 5000 10000 15000 20000
Re

Figure 4: Validation of the Nusselt number calculations
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Figure 6: Relationship between the Nusselt number and
Reynolds number (e/D = 0.042 and p/e varies)

4.2. Analysis of heat transfer

4.2.1. Effect of the relative roughness step

The influence of the Reynolds number on the mean
Nusselt number with a fixed e/D ratio of 0.042 and
varying p/e ratio is depicted in Figure 6. The results
demonstrate that as the Reynolds number and height ratio
rise, the average Nusselt number also increases, which
can be attributed to the transition of the flow field from a
laminar sublayer to a turbulent flow near the wall.
Compared to a slick duct, maximum improvements in the
average Nusselt number of approximately 53.4% for the
triangular, 45.7% for the semi-circular and 25.0% for the
square shapes are recorded for a Reynolds number of
18000 in the case of an artificially rough conduit. The
design and enhancement of the heat transfer in a solar
heater unit is heavily dependent on the incorporation of
differently shaped artificially rough elements.

4.2.2. Influence of the relative roughness height on the
flow characteristics

The influence of the Reynolds number on the Nusselt
number when the fin pitch-to-height ratio is fixed
(p/e = 14.28) and the ratios of fin thickness to hydraulic
diameter varies is illustrated in Figure 7. It is observed
that simultaneously increasing the Reynolds number and
the relative roughness height leads to an increase in the
Nusselt number. This phenomenon arises from the

0,014
W Ré suftats simulation
0,012
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0,01 H ¢
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Figure 5: Validation of the friction factor calculations
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Figure 7: Relationship between the Nusselt number and
Reynolds number (p/e = 14.28 and e/D varies)
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generation of turbulence in localized regions, resulting in
the mixing of airflows and the formation of vigorous
secondary flows. The detachment and reattachment of
the free shear layer in the boundary layer, intensified by
an increase in the e/D ratio, contribute to this flow
mechanism. As a result, both local and average heat
transfer rates are enhanced. In other words, increasing the
Reynolds number and e/D ratio causes turbulence, which
improves the heat transfer rate.

4.3. Friction factor calculation

4.3.1. Impact of the relative roughness-pitch on the
friction factor

The impact of the relative roughness pitch on the friction
factor when e/D is kept constant at 0.042 is illustrated in
Figure 8. The findings demonstrate that as the Reynolds
number increases, the friction factor decreases. The
highest values of the friction factor are obtained when the
p/e ratio is at its maximum value of 14.28. In this
scenario, introducing artificial roughness impacts the
primary flow and alters the structure of the turbulent
boundary layer, leading to the creation of detachment and
reattachment regions in the viscous sublayer as well as an
increase in the friction, that is, the flow resistance. In
other words, the friction increases by introducing
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Figure 8: Evolution of the friction factor with regards
to the Reynolds number (e/D = 0.042 and p/e varies)
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Figure 10: THPP vs. Reynolds number (e/D = 0.042
and p/e varies)

artificial roughness, which can impact the overall
efficiency of the enrichment device.

4.3.2. Impact of the relative roughness height on the
friction factor

The change in the friction factor with regards to the
Reynolds number when the spacing pitch is fixed
(p/e = 14.28) and e/D varies isillustrated in Figure 9. The
results obtained show that when the Reynolds number
increases, the friction factor decreases. When e/D is
highest at 0.042, the maximum friction factors are
obtained due to the increased flow resistance of the rough
wall.

4.4. Improvement of the thermal coefficient

Variations in the THPP as a function of the Reynolds
number at different e/D ratios and p/e ratios are shown in
Figures 10 and 11. It was found that in both cases
considered, the THPP is optimal when the Reynolds
number is equal to 5000. At a fixed e/D ratio of 0.042,
the best THPP for improving thermal performance is
obtained when the p/e ratio for triangular ribs is 7.14
(see Figure 10). When the p/e ratio is fixed at 14.28, the
triangular ribs yield the optimal THPP at a maximum e/D
ratio equal to 0.042 (Figure 11).
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Figure 9: Friction factor vs. Reynolds number (p/e =
14.28 and e/D varies)
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Figure 11: THPP vs. Reynolds number (p/e = 14.28 and
e/D varies)
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4.5, Effects of the geometric shape of the ribs

In this section, the influence of changing the shape of the
ribs on enhancing the motion transfer in a thermal sensor
when the fin pitch-to-height ratio is constant is compared.

It is noted that the triangular ribs significantly
improve the convective heat transfer compared to the
slick case and the other geometric shapes of ribs
considered (see Figure 12). Due to its aerodynamic
appearance and in the absence of acute angles, triangular
ribs record the greatest energy gain (see Figures 13 and
14).
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Figure 12: Relationship between the Nusselt number
and Reynolds number (e/D = 0.042 and p/e = 14.28)
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Figure 16: Visualization of the contours of the
turbulence intensity when the Reynolds numbers varies
(e/D =0.042 and p/e = 14.28)

4.6. Distribution of the turbulent kinetic energy
and turbulence intensity

The improved performance of SAHSs is highly dependent
on the presence of the roughness of the triangular ribs
compared to the slick, square and semi-circular SAHSs.
The presence of artificial asperities disturbs the main
flow and intensifies turbulent mixing in the inter-rib
space as determined by analyzing the kinetic energy and
turbulence intensity. The contours of the turbulent kinetic
energy (k) and the turbulence intensity (1) are illustrated
in Figures 15 and 16, respectively, when e/D is kept
constant at 0.042, p/e = 14.28 and a wide range of
Reynolds numbers (3500 < Re < 18000) used.
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Figure 13: Friction factor vs. Reynolds number (e/D =
0.042 and p/e = 14.28)

Figure 15: Visualization of the contours of the
turbulent kinetic energy at different Reynolds numbers
(e/D =10.042 and p/e = 14.28)

Figure 17: Static temperature contours when the
Reynolds number varies (e/D = 0.042 and p/e = 14.28)
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4.7. Temperature distribution

A qualitative comparison of the temperature distribution
along the sensor is presented in this section. The
temperature contours when the Reynolds number varies
but the pitch and rib height ratios are fixed (e/D = 0.042;
ple = 14.28) is illustrated in Figure 17. It was observed
that the gradient of the static temperature near the ribbed
section de

creases as the Reynolds number increases, which can be
attributed to the increased flow rate of fresh air from the
inlet. This reduces the difference between the
temperature of the air mass and that of the wall, thereby
increasing the Nusselt number. The presence of the ribs
disturbs the main flow and intensifies the convective heat
transfer as the Reynolds number increases.

5. Conclusions

This numerical study investigates the thermal-hydraulic
properties of a fully developed turbulent flow in a
rectangular duct equipped with transverse ribs of varying
geometric shapes.

In the light of this study, the subsequent conclusions
can be drawn:

1. The RNG-based k-¢ turbulence model adopted in
this analysis yields good results and is
recommended in this kind of convective heat
transfer study.

2. The presence of the ribs irrespective of their
geometric shape intensifies turbulent convective
heat transfer and improves the thermal
performance of the sensor.

3. The Nusselt number increases as the Reynolds
number and relative roughness pitch increase due
to the modification of the laminar sublayer of a
turbulent flow in the near-wall region.

4. The maximum improvement in the Nusselt
number recorded compared to the slick conduit is
53.4, 45.7 and 25.0% for the triangular, semi-
circular and square ribs, respectively, when the
Reynolds number was equal to 18000.

5. In all cases examined, the thermal-hydraulic
performance parameter was optimal at a Reynolds
number equal to 5000.

6. The improvement of the thermal-hydraulic
performance parameter brought about by the
presence of the triangular transverse ribs is the
most important when compared to their semi-
circular and square equivalents with a relative
roughness pitch of 14.28 and a relative roughness
height of 0.042.

Nomenclature

Nu  Nusselt number

Nus Nusselt number for slick conduit

Nur  Nusselt number for artificially rough conduit
Re  Reynolds number

Pr  Prandtl number
e fin thickness (mm)
Dn  hydraulic diameter of the duct (mm)
p pitch (mm)
e/D relative roughness height
p/e relative roughness pitch
H  height of the duct (mm)
W width of the duct (mm)
L length of the duct (mm)
q heat flux (W/m?)
f friction factor
fs friction factor for slick conduit
fr friction factor for artificially rough conduit
AP drop in pressure (Pa)
u air flow velocity in the x-direction (m/s)
v air flow velocity in the y-direction (m/s)
X distance from start of test section (m)
y non-dimensional duct wall coordinate
T air temperature (K)
P pressure (Pa)
a  thermal diffusivity (m?/s)
p density of air (kg/mq)
Qu  heat transfer rate (W)
qu heat flux (W/m?)
Fr  collector heat removal factor
Ac  gross collector area
| incident heat flow
(ta)e effective transmittance-absorptance product
UL overall heat loss coefficient
To  outlet temperature
Ti inlet temperature
Ta  air temperature
Tom average wall temperature
Tam average air temperature
m  flow rates
Cp, specific heat of air at constant pressure
(J/kg K)
h heat transfer coefficient
k thermal conductivity of air (W/mK)
U velocity of air in a duct (m/s)
thermal-hydraulic performance
parameter/thermal enhancement factor

THPP
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