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Solar air heaters (SAH) are required to adhere to specific standards regarding thermal
efficiency and minimal internal pressure loss. We addressed the issue of significant
pressure loss in SAH across five cases, designated "A" to "E", by developing an innovative
SAH featuring spherical baffles (SP). We utilized computational fluid dynamics (CFD) to
model the solar air heater (SAH) with solar panels (SPs), concentrating on key parameters
such as heat-collecting efficiency and pressure loss magnitude. In another case, Case "E"
SPs demonstrated superior performance compared to the baffle regarding heat collecting
efficiency and pressure loss, as indicated by the data. An SP can improve the thermal
efficiency of an SAH. The simulation of wavelengths for SPs in instance "E" at 400 mm
demonstrated optimal heat collection by the SAH, achieving an efficiency of 80.65%. The
investigation concentrated on the wave height of the SPs to measure wavelength. The SAH
exhibited a minimum pressure loss of 19.86 Pa, a maximum heat-collecting efficiency of
60.68 percent, and a wave height of 40 mm. Higher Reynolds numbers (Re) at the air inlet
were associated with improved collection efficiency and reduced internal pressure loss,
whereas lower outlet temperatures corresponded with lower Re values. An accuracy of
0.897 was observed in the fitting curve for pressure loss when analyzing the imported
Reynolds number and pressure loss. This study not only establishes a theoretical

foundation for winter air heating but also has significant practical implications.

1. INTRODUCTION

The construction of a solar air heater (SAH) utilizing readily
available materials effectively reduces fabrication costs,
establishing it as a financially viable solar device [1-3]. An
SAH functions by absorbing solar radiation to heat the air,
thereby fulfilling the objectives of indoor heating and the
drying of agricultural products [4-6]. There are many utility
application models to benefit from the solar heat energy, as the
flat plate collector consists of an absorbent plate, a transparent
glass cover, copper tubes, and an aluminum back plate [7-9].
Furthermore, individuals utilize solar energy for energy
storage purposes, including the retention of solar energy to
warm buildings [10-14] or the use of glycerol and paraffin in
spiral tube collectors for energy storage [15, 16]. Phase change
materials (PCM) are incorporated into the air collector to
enhance the operational cycle and increase the efficiency of
the heater [17-19]. The approach to enhancing the
conventional PCM involves modifying the extended surface
structure through the application of porous materials.
Extensive research has been conducted by scholars on the
thermal performance of SAHs, focusing on enhancements
such as the incorporation of double channels [7] and spiral
flow channels [20-22] to optimize heat collection efficiency.
Several researchers have enhanced the heat-absorbing plate
through the development of a heat sink [23-25], a parabolic
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surface [26-28], and a spherical heat absorb plate [29, 30]. A
significant number of researchers have focused on enhancing
collection efficiency through structural improvements to the
air heater, thereby optimizing the design of the SAH. This
encompasses the utilization of slotted perforated corrugated
plates [31, 32] as well as triangular plates [33]. Several
researchers have incorporated parabolic grooves [34] and
louvers [35] into the heat absorb plates to enhance the heat
collection efficiency of the SAH metal foam or utilized
advanced thermal materials [36]. Various researchers have
advanced the concept of SAH by refining the internal structure
of the conventional flat panel SAH. This includes the
incorporation of circular fins [37], rough fins [38], and
rectangular fins [39] into the design. The combination of these
studies has the potential to enhance the heat absorption
efficiency of the heat-absorbing plate, thereby improving the
overall heat collection performance of the SAH. To enhance
the heat collection efficiency of an SAH, researchers have
incorporated various designs into the heat absorb plate,
including closed-loop pulsating heat pipes, C-shaped fins,
spiral fins, V-shaped fins, and porous media fins. Furthermore,
certain researchers have examined various baffle types in
SAHs, including folded baffles, spiral baffles [22], and hollow
semi-circular baffles [23]. The findings demonstrate that the
internal air temperature exceeded that of a conventional flat
plate heater. The efficiency of the collection process has seen
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significant enhancement. The analysis conducted on the
number of baffles for a spiral SAH revealed that the most
effective configuration is a spiral SAH featuring two
longitudinal baffles. A combination of the heat absorb plate
with a PCM has been explored by certain scholars. Zayed [40]
analyzed the wave-shaped corrugated solar air collector
integrated with a PCM and observed an approximate 20%
increase in energy efficiency when the PCM was utilized. He
incorporated a PCM into the interior of the flat panel solar
collector, demonstrating that the temperature increase could
achieve 31% in comparison to the standard SAH.

Precedent research on baffle SAHs has predominantly
focused on improving collection efficiency and maximizing
daily utilization rates. The use of barriers or obstacles leads to
an increase in pressure drop, which means losses in
performance. Precedent researchers have focused on reducing
pressure drops. The decrease in air pressure inside the SAH is
an important factor, and utilizing a baffle-type SAH can
improve heat utilization and airflow efficiency [41]. The
folded baffle SAH demonstrates significant pressure loss,
whereas the semi-circular baffle SAH can alleviate this loss,
though this comes with a decrease in thermal utilization rate.
This research integrates SPs into two distinct configurations of
baffle SAHs. The goal is to improve the thermal efficiency of
the SAH while reducing internal pressure loss by examining
the parameters related to SPs [42]. This study investigates how
modifications to the wavelength and wave height of SPs
influence outlet temperature, collection efficiency, and
pressure loss. The research further determines the ideal inlet
Re through an assessment of its effects on thermal
performance. This study aims to examine the elements that
affect the thermal efficiency and pressure drop related to SPs
in SAH. The role of sinusoidal baffles in SAHs is clear, as they
improve heat utilization, reduce pressure loss, and provide a
theoretical basis for air heating in winter, thus helping to
maintain appropriate indoor air temperatures. This study
presents the integration of SPs in SAH and analyzes their
impacts.

In this study, spherical artificial obstacles were used and
distributed on the absorption plate to increase air turbulence.
The obstacles were distributed in several cases to test which
distribution had the best improvement in SAH performance.

2. GEOMETRY AND CASES DESCRIPTIONS
The structure includes a horizontal rectangular duct

measuring 150 cm in length, 80 cm in width, and 30 cm in
height, along with an artificial obstacle shaped like a ball with

a diameter of 2.5 cm, which is distributed on the absorber plate.

A cover glass is used to encase the topside of the duct, and a
wooden frame is put inside with isolation fixed on the bottom
side of the absorber. For forced air flow, a blower was used in
the section side, which was generated by the PV panel.
Temperatures were measured by thermocouples fixed inside
the duct and connected to an Arduino (digital measurement)
for more accuracy. Figure 1 presents the geometry, studied
cases, and baffle dimensions. The findings of five distinct
analyses differing based on the positioning of the balls within
the apparatus are presented here:

e Scenario A: Without balls, as the reference case.
e  Scenario B: Balls mounted in the 2nd half of the air gutter
“Fifty percent reposition up direction”.

e Scenario C: Balls mounted in the 1st half of the air gutter
“Fifty percent reposition down direction”.

e Scenario D: Balls mounted in the middle of the air gutter
“Fifty percent reposition in the middle”.

e Scenario E: Balls mounted in all the air gutters “100%”.

(D)

Figure 1. Investigated the dimensions of SAHSs and relevant

case studies: Scenario (A) Non-permeable surface; Case (B)

(50% Up); Case (C) (50% Down); Case (D) (50% Middle);
Case (E) (100%)

3. MESH WITH GAMBIT

Figure 2. Grid (mesh) of the ball case



The establishment of the computational grid for the domain
represents a fundamental aspect of effectively employing CFD
technologies. Achieving precise and significant numerical
solutions begins with the discretization of the computational
domain. This step is especially critical in rapid and high-
velocity flows, where pronounced gradients exist within the
boundary viscous sublayer. Therefore, it is crucial to confirm
that a sufficient quantity of mesh components is present within
the boundary layer. The mesh for the mathematical portion of
the SAH was created utilizing Ansys Fluent (version 18.0) and
SolidWorks (version 16). The intricate geometry being
analyzed required the implementation of a multidimensional
unplanned tetrahedral mesh. Figures 2-4 present a detailed
representation of the grid structure of the ball cases.
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Figure 4. Curves of the convergence solution

4. BOUNDARY CONDITIONS IN GAMBIT

After defining the geometry and the mesh of the physical

domain under investigation, the next step involves specifying
the geometrical zones where boundary conditions will be
applied. Two features of zone types (boundary conditions) are
illustrated in Figure 2.

1. Types of boundaries to delineate exterior or internal limits.
2. Continuum classifications (fluid or solid) to delineate the
areas of the domain.

The flow within the gutter is constrained by 2-horizontal
barriers: the upper component referred to as the "cover glass"
and the lower component known as the "absorber glass.” The
upper surface consists of translucent glass, facilitating the
entry of sunlight while absorbing and reflecting a portion of it
onto the lower surface. The second component is the absorber,
characterized by an adiabatic wall and two adjacent side walls,
which are also adiabatic. The inlet is categorized as a mass
flow inlet, whereas the outflow is designated as a pressure
outlet. The internal realm is characterized as being "fluid".

5. SOLVER

The examined computer model incorporates steady state,
three-dimensional geometry, and Newtonian fluid dynamics.
The fluid exhibits consistent characteristics, behaving
precisely as a perfect gas. The characteristics are evaluated at
the average temperature of the fluid within the container. In
the context of forced convection, the velocities are sufficiently
elevated to make gravity negligible and render all buoyancy
effects inconsequential. Ansys fluent 18.0, a commercial
software, is employed to solve the Navier-stokes and energy
equations utilizing the finite volume process. The assumptions
outlined below are utilized to produce the CFD results:

o  Throughout its journey through the duct, the fluid
continues to flow in a turbulent manner that is single-
phase and incompressible.

e Three-dimensional dynamic fluid dynamics and thermal
conduction.

e Insufficient or absent convective heat transfer (ht)
resulting from radiation and natural convection among
components of the computational domain.

e The thermo-physical features of the fluid (air) and the
solid (aluminum) remain unchanged.

The application of the fundamental principle of
thermodynamics to an incompressible Newtonian fluid result
in the energy formula. The following equation represents the
transport of heat within the flow field.

5.1 Continuity equation

By applying the law of mass conservation, we obtain that
formula. It is expressed in vector form as follows [43]:

V-(pV)=0 (1)

The gradient operator:

0. 0. 0-
v=07,97,0%
x Tyl ta 2)

and the velocity vector:



V =i +Vj + Wk

A3)
5.2 Momentum equation

The momentum equations that govern the flow of
incompressible fluid take the form [44]:

V- (V) =—Vp+V-(7) )
The stress tenser T is given by:
?:y[(W+V\7T)—§v\7l} (5)

The second law of dynamics indicates that the change in
momentum of a fluid particle corresponds to the sum of the
external forces acting on it, and this formula is derived from
that principle.

5.3 Energy equation

A Newtonian fluid, which is incompressible, is analyzed
using the first law of thermodynamics to get the energy
equation. Heat conduction inside the flow field is articulated
by the subsequent equation:

V. (V (pE)) =VIKVT - povT) ©)

ANSYS Fluent offers a range of upwind schemes, including
power law, QUICK, second-order upwind, and first-order
upwind. The governing equations were discretized with a
finite volume method established by Patankar, utilizing the
rapid distinction arrangement and decoupled via the SIMPLE
process. The SIMPLE algorithm ensures mass conservation
and determines the pressure field by connecting velocity and
pressure corrections. Figure 3 illustrates the detailed steps of
the SIMPLE technique. The critical variables (velocities,
temperatures, pressures, and wall heat flows) were ascertained
by iteratively solving the equations for momentum, mass, and
energy until convergence was achieved. The solution was
derived utilizing a second-order discretization method and a
double-precision pressure-based solver.

Figure 4 illustrates that the energy equation has
convergence residuals established at 10, but the continuity,
velocity, turbulence dissipation, and k equations each have
convergence residuals set at 107.

5.4 Turbulence models

A recent survey demonstrates that SAHs show improved
thermo-hydraulic efficiency when functioning within Re
ranging from 3000 to 19,000. The Re in the rectangular duct
of the SAH demonstrates the presence of turbulent flow. The
choice of a suitable turbulence design poses a considerable

challenge in the design of an SAH using the CFD methodology.

In the context of CFD simulations for flow through an SAH, it
is essential to evaluate the precision of the simulation in
depicting the actual flow dynamics. The question is intricate;
the standard of the leading to output depends on various
parameters of the computer approach. Modern computational
fluid dynamics (CFD) software offers users a wide array of
parameters for the mathematical model. The availability of
various turbulence models raises the question of which model
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is most suitable for an SAH system. A turbulence design
serves as a computational approach designed to resolve the
system of mean flow equations. Turbulence models enable the
calculation of mean flow without the need for an initial
determination of the entire time-dependent flow field. Modern
computational fluid dynamics (CFD) software offers a variety
of techniques and models specifically designed for turbulence
simulation. The approaches include [45]:

Reynolds-averaged simulation (RAS)/Reynolds-averaged
The Navier-Stokes equations (RANS) are resolved in an
ensemble-averaged format, using suitable models to account
for turbulence effects.

Large eddy simulation (LES) involves formulas that govern
the resolution of large turbulent structures in the flow, with the
aim of analyzing the effects of subgrid scales (SGS). A filter
is applied to the governing equations to achieve scale
separation. The application of this filter influences the
structural integrity of the SGS models throughout the process.

Detached Eddy Simulation (DES): A hybrid methodology
that employs a Reynolds-averaged simulation (RAS) approach
for near-wall regions and a Large Eddy Simulation (LES)
approach for the bulk flow.

Direct numerical simulation (DNS) resolves all turbulence
scales by mathematically solving the Navier-Stokes formulas
without employing turbulence modeling.

AnSYS FLUENT 18.0, the commercial iteration of their
computational fluid dynamics (CFD) program, includes a
diverse array of turbulence models. AnSYS FLUENT 18.0 is
employed to assess the turbulence models. The models
comprise standard k-g, realizable k-g, renormalization-group
RNG k-¢, standard k-, and shear stress transport (SST) k-w.
All of these models are evaluated.

5.5 Standard k-¢ model

Two significant differences exist between the ordinary k-¢
model and the realizable k- model [36], which are as follows:

* The realizable k-¢ model presents an alternative
formulation among the different approaches for turbulent
viscosity.

* A modified transport equation has been derived from an
exact equation that describes the transport of the mean-square
vorticity fluctuation. The dissipation rate, represented by &, has
been calculated using this equation. The term "realizable"
indicates that the model adheres to specific mathematical
constraints related to the Reynolds stresses, consistent with the
principles governing turbulent flows. Neither the RNG k-¢
model nor the regular k-¢ model do not satisfy the criterion of
realizability. The obtainable and RNG k-¢ models demonstrate
significant enhancements over the conventional k-¢ model in
scenarios marked by considerable streamline curvature, vortex
formation, and rotational effects. The model's relative novelty
limits the understanding of specific situations in which the
realizable k-& model consistently outperforms the RNG model.
Preliminary research indicates that the realizable model
outperforms all variants of the k-e¢ model across various
validations involving separated flows and flows with notable
secondary flow characteristics. The formulation of the
dissipation rate equation (g) reveals a limitation in the
conventional k-e¢ model and other classic k-¢ models. The
modeled dissipation equation is primarily accountable for the
round-jet anomaly, characterized by precise predictions of
spreading rates in planar jets, in contrast to inadequate
predictions for axisymmetric jets.



5.7 Renormalization-group RNG k-¢

The RNG k-¢ model was derived using a statistical method
called renormalization group theory. Structurally, it resembles
the traditional k-¢ model, although it has the following
modifications:

* The RNG model includes an additional component in its
equation that improves accuracy for rapidly strained flows.

* The RNG model integrates the effects of swirl on
turbulence, thereby enhancing accuracy for swirling flows.

* The RNG theory provides an analytical equation for
turbulent Prandtl numbers, in contrast to the conventional k-¢
model, which employs user-defined, fixed values.

* The traditional k- model is tailored for high Re conditions,
whereas the RNG theory provides an analytically derived
differential equation for effective viscosity that accounts for
low Re effects. The effective use of this feature depends on the
appropriate management of the near-wall zone.

The RNG k-¢ model demonstrates enhanced accuracy and
reliability across a wider spectrum of flow scenarios when
compared to the conventional k- model, attributable to its
distinct characteristics. The k-¢ turbulence model based on
RNG is developed through a mathematical framework referred
to as "renormalization group" (RNG) methods applied to the
instantaneous  Navier-Stokes  equations. The model
incorporating various constants and supplementary terms and
functions in the transport equations for k and ¢ is derived
analytically, as opposed to the conventional k-¢ model. A
comprehensive explanation of RNG theory and its application
to turbulence can be found by Jia et al. [36].

In the domain of fluid dynamics, such as the RNG k-¢ model,
we simulate the behavior of turbulence continuously. With
equations that elucidate the exuberance of kinetic energy and
the clarity of its dissipation rate. These equations are utilized
in the renormalization group. In the k-¢ paradigm, they interact
and engage, facilitating our comprehension in an astute
manner.

0 0 oK
7@(,- (omu;) :‘axj |:O-mueff &, :|+GK +G, —pe @)
0 0 Os & &
gj(pwj) = gj|:o-mlleff gj:| G, ; (G, +G;,Gy) - Cz;:p; -R, (8)

where,
Gr: This stands for the k-generation caused by the mean
velocity gradients.
Gp: This denotes the formation of k due to buoyancy.

The inverse effective Prandtl numbers for k and & are
represented by ak and a., respectively. ai=as=1.393.

The primary distinction between the RNG and ordinary k-€

models is the supplementary term in the € equation expressed
as follows:

_ G ="y e ©
€ 1+ pn? K
where, n=(k/¢), no=4.38, £=0.012.
The next parameters present a list of constants utilized in
the model.

G1:=1.42, C,:=1.68, C3:=1.8, C,=0.0845.
5.8 Standard k-®

The ANSYS Fluent standard k-& model is derived from the
Wilcox k-¢ model [36], which has been revised to incorporate
shear flow dispersion, compressibility, and the effects of low
Re. The sensitivity of the solutions to values of k and 1 beyond
the shear layer, referred to as freestream sensitivity, constitutes
a limitation of the Wilcox model. The influence on the solution
can be significant, especially for free shear flows, despite the
updated formulation in ANSYS Fluent having alleviated this
dependence [35].

¢ The blending function multiplies the standard k-9 model
with the modified k-¢ model, subsequently integrating the two
models.

* To activate the standard k-0 model, the blending function
is assigned a value of one in the near-wall region and zero in
areas away from the surface. This enables the operation of the
converted k-& model.

* The SST model incorporates a damped cross-diffusion
derivative term in the 9 equation.

* The transport of turbulent shear stress is addressed through
an adjustment of the concept of turbulent viscosity.

* A discrepancy exists in the modeling constants.

The SST k-o model exhibits enhanced accuracy and
reliability across a broader range of flow scenarios compared
to the standard k- model [34].

5.9 Boundary conditions

The simulation was conducted under the following
boundary conditions such as:

= In the inlet section, a mass flow rate (MSR) limitation of
0.01 to 0.05 kg/s is associated with Res between 3000 and
10000, with an inlet temperature of Tj..r =300.15 K (look at
Table 1). Table 2 presents the thermal and physical
characteristics of the air and absorber plate. It is expected that
these factors will stay consistent at the typical bulk
temperature outlined subsequently. These features are
presented as they are, with no alterations.

Table 1. Conditions at the boundaries for application of the model

BC1 BC2 BC3 BC4 BC5
Mass flow rate 0.01 0.02 0.03 0.04 0.05
(kgls)
The value is specified  The value is specified  The value is specified  The value is specified  The value is specified
Absorber heat according to the according to the according to the according to the according to the
flux month, Day, and time  month, Day, and time  month, Day, and time  month, Day, and time  month, Day, and time

of the day of the day
Backside and
side borders of

heat flux (HF)

Adiabatic process Q=
0

borders of heat flux

of the day
Backside and side

of the day of the day

Adiabatic process Q=

(HF) 0
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Table 2. Conditions for computational fluid dynamics (CFD)
studies involving air and absorber plates

Features Fluid Absorptivity of the
(Air) Panel (Aluminum)
Density, ‘p’ [kg/m?] 1.167 2719
Viscosity, ‘p’ [kg/ms] 1%55 ¢ —
Thermal
conductivity, *A’[W/mK] 0.0262 202.4
Specific heat, ‘Cp’ [J/kgK] 1006 871

6. VALIDATION OF THE NUMERICAL MODEL

6.1 Grid sensitive analysis

A mesh independence test was performed for the scenario
of Re=3000 by evaluating five different cell counts to reduce
the impact based on the findings of the computational analysis
concerning outlet air temperature. The outcomes of the mesh
independence test are displayed in Table 3. The
implementation of the solutions entailed a significant increase
in the number of cells, rising from 771,023 to 4,857,325. A
total of 4,524,939 cells were chosen, derived from the minimal
percentage variation of the Tout.

Table 3. Testing the grid independence

Cells Number Tout (K) Percentage Deviation of Tout (%)

771023 55.75

1102031 56.17 0.123
1524097 56.95 0.428
4524939 58.92 0.575
4857325 60.05 0.328

6.2 Turbulence models validation

Roughened gutters were utilized to improve HT by
elevating the turbulence level in the fluid flow. Besides, an
evaluation was carried out to evaluate the appropriateness of
various turbulence patterns concerning the introduced
numerical issue, thus guaranteeing the accuracy of the
numerical results. This assessment employed five recognized
classical turbulence configurations: Standard k-g, RNG k-g,
realizable k-¢, and k- models. The preciseness of the adopted
configurations was assessed by comparing its outcomes with
data from existing previous work. The values of the Nusselt
number (Nu) and friction factor (f) were obtained from a

numerical configuration that employs various turbulence
configurations. The values were subsequently compared to the
standard correlations set forth by Dittus-Boelter [34] (Eg. (10))
and Modified Blasius [46] (Eq. (11)).

Nu= 0.023Re%8Pr04 (10)

(11

The numerical simulations of Nu and f'were validated using
Egs. (10) and (11) for Res ranging from 3000 to 10000.
Figures 5 and 6 present a comparison of the predicted and
calculated (via correlation) Nu and f values. The analysis
demonstrates the most precise representation of the RNG k-¢
configurations. The Nu and f estimated by the RNG k-¢
configurations exhibit typical percentage deviations of
+11.8% and £5.9%, respectively, when compared to values
obtained from the previously mentioned correlations within
the same Re range. Additionally, Tables 4 and 5 present the
deviations of all configurations for each data point. The RNG
k-¢ turbulence configurations have been employed in prior
numerical research related to roughened SAHs, as indicated in
references [34-39]. The RNG k-¢ configurations have been
adopted for this computational fluid dynamics analysis.

f=0.791Re 0%

40
35
? /
25
=}
= 20
—o— (Dittus-Boelter
15 correlation)
—&— (RNG-k-¢ model)
10 —o— (Standard-k-e
model)
5 —0— (Realizable-k-¢
model)
0
0 2000 4000 6000 8000 10000 12000
Re

Figure 5. Examining the expected Nu values using Dittus-
Boelter correlations across various turbulence configurations
[30]

Table 4. Nusselt number deviation

RNG-k-¢ Standard-k-¢ Realizable-k-¢ Standard-k-o SST-k-®
Configurations Configurations Configurations Configurations Configurations
5.9% 8.1% 7.3% 6.6% 9.0%
8.9% 12.2% 10.9% 9.8% 13.5%
11.8% 16.2% 14.6% 13.1% 18.0%
14.8% 20.3% 18.2% 16.4% 22.5%
17.7% 24.3% 21.9% 19.7% 27.0%
Table 5. Friction factor deviation
RNG-k-¢ Standard-k-¢ Realizable-k-¢ Standard-k-m SST-k-®
Configurations Configurations Configurations Configurations Configurations
3.5% 3.9% 4.4% 5.4% 4.9%
4.7% 5.2% 5.8% 7.2% 6.5%
5.9% 6.6% 7.3% 9.0% 8.1%
7.1% 7.9% 8.7% 10.8% 9.7%
8.3% 9.2% 10.2% 12.6% 11.3%

708



0.12

0.11

0.1
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Nu

—0—(Modified Blasius)
0.08
—0— (RNG-k-£ model)
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0.07 —0—(Realizable-k-= model)
—o— (Standard-k-w model)

—0—(S5T-k-w model)

0.06

0 2000 4000 6000

Re

8000 10000 12000

Figure 6. Analysis of predicted f values across various
turbulence configurations in relation to the Modified Blasius
correlation [42]

7. RESULTS AND DISCUSSION

7.1 Effect of experiment day on solar radiation

1100 -

February

1000

900
800 -
w
E 700
E
c
2
& 6w —o—day4
3
Vel —0—day 11
n
2 50 —o—day 18

~0—day 25
400

300

6 8 10 12 14 16 18 20
Hour of Day

Figure 7. Variation of solar radiation along the hour of the
day in February month for four days only for configurations-
1 of SAH at Re=3000

The main goal of the SAH is to increase the air temperature
for applications in industry and for heating in residential
settings. Figures 7, 8, 9, and 10 depict the progression of
average solar radiation practically measured across the hours
of the day in February, March, April, and May for the full-duct
configurations of the SAH. The findings show that solar
intensity increases steadily from the start of the morning,
reaching its maximum around 13:00, then decreasing for the
rest of the day until the end of the experimental observations.
The profile shows that solar intensity remains largely uniform
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throughout the experimental days due to reliable solar tracking
mechanisms. The figures demonstrate that the maximum
variation in solar intensity across the four days is roughly 5.5%.
This suggests that assessing outcomes on various days does
not notably influence the results obtained. The findings reveal
a steady pattern in solar intensity, rising progressively until
around 12:30 PM, after which there is a decrease leading to the
end of the experimental testing phase. The observed time lag
in maximum solar intensity may be attributed to the time
needed to warm the SAHs and the ambient air around them.
The results show that the solar intensity surpasses the
temperature of the glass cover, and it is also higher than the
outlet air temperature as a result of HT from the absorber plate
to the air. The results revealed that approximately 948.2, 950.4,
939.4, and 900.4 W/m? correspond to the maximum solar
intensity at about 13:00 am in February, March, April, and
May, respectively. The results indicated that the solar intensity
has a maximum in February and a minimum value in May, and
this leads to increasing the benefit of heating capacity in
February and March in practical use.

1100
March

1000

900
o
&
o
2
3
2800 -
8 —o—day4
°
g —0—day 11
Lo
8 —o—day 18

700
~0—day 25

600

Hour of Day

Figure 8. Variation of solar radiation along the hour of the
day in March for four days only for configurations-1 of SAH
at Re=3000
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6 8 iO iZ iA iG 1‘8 26
Hour of Day
Figure 9. Variation of solar radiation along the hour of the

day in April month for four days only for configurations-1 of
SAH at Re=3000
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Figure 10. Variation of solar radiation along the hour of the
day in May month for four days only for configurations-1 of
SAH at Re=3000
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Figure 11. Variation of the outlet temperatures with Re on 4
Feb. 2024 for various hours in the day

7.2 Effect of experiment day on the outlet air temperature

However, the outlet air temperature from the SAH in the
case of full-duct configurations of SAH for four months of
testing in February, March, April, and May, respectively, is
illustrated in Figures 11 to 18. The outlet temperatures for the
two days are 4 and 25 for hours from 9 to 17 during the day.
The maximum outlet air temperatures SAH are located at
12:00, 13:00, and 14:00 for various Res. The graphical curve
representations suggested that the peak outlet air temperature
achieved at a low Reynolds number of Re = 3000 was
attributable to a reduction in the duration of the hot air flow
and an augmentation of the heat transfer rate throughout the
diurnal cycle. Furthermore, considering that it constitutes half
of the total peripheral area of the absorber, the tubular solar air
heater exhibits a more extensive surface area exposed to solar
irradiation in comparison to the conventional solar air heater.
Also, as we'll see in a little, the SAH absorber structure reduces
top heat loss by reducing reflected solar radiation to the
environment via internal reflections between the absorber
tubes' surfaces. What this means is that compared to SAH, the
HT to the air is significantly higher. It is noted that, for
example, at a Re=3000, the maximum outlet temperatures are
86.74, 73.3, 68.52, 63.72, and 59.26°C at Re=3000 at 13:00
am on day 4 February for full duct, first half duct, middle half
duct, end half duct, and empty duct. Also, in Figure 11 and
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Figure 12, the maximum outlet temperatures are 89.1, 75.6,
70.34, 65.42, and 60.84°C at Re=3000 at 13:00 am on 25
February for full duct, first half duct, middle half duct, end half
duct, and empty duct. Also, as presented in the numerical
results, the maximum outlet temperatures at day 4 in the
February month are 85.68°C in March and 85.68°C in March.
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12. Variation of the outlet temperatures with Re on 25
Feb. 2024 for various hours in the day
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Figure 13. Variation of the outlet temperatures with Re on 4
Mar. 2024 for various hours in the day
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Figure 14. Variation of the outlet temperatures with Re on 25
Mar. 2024 for various hours in the day



April e days of 4 and 25 from the four months of February, March,
April, and May at the highest time of 13:00 am. The results

90 Full Duct ~—8—hour 10
Day 4 —o—hour11 showed that the maximum outlet temperatures are 86.74, 73.3,
80 ~o—hour12 68.52, 63.72, 59.26°C for full duct, first half duct, middle half
—o—hour13 duct, end half duct, and empty duct, respectively, at Re=3000
& =e=tour1s at 13:00 am on day 4 February. Also, the maximum outlet
© P temperatures are 89.1, 75.6, 70.34, 65.42, and 60.84°C for full
g duct, first half duct, middle half duct, end half duct, and empty
Gl duct, respectively, at Re=3000 at 13:00 am on day 25 February.
Thus, we can decide that the full duct configuration is the best
81 configuration due to the increase in the outlet temperatures as
compared with the other configurations; also, the worst

configuration was the empty duct due to the lowest outlet
temperatures. The effect of the Re is seen from these figures
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7.3 Effect of duct type on outlet air temperature Re

Figure 19. Relationship between the outlet temperatures with
Re at hour 13 on 4 Feb. 2024 month for various
configurations of the SAH

The main goal of the present study is the investigation of the
influence of using various types of SAH that are plotted in
Figures 19 to 22. The numerical results were plotted for two
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Figure 21. Relationship between the outlet temperatures with
Re at hour 13 on 4 May 2024 for various configurations of
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Figure 22. Relationship between the outlet temperatures with
Re at hour 13 on 25 May 2024 for various configurations of
the SAH

7.4 Effect of duct type on Nusselt number (Nu)

An analysis was conducted on the elements meeting the
criteria for high-performance roughness surface geometries,
and their performance was compared under identical operating
conditions. The variation of the Nu with respect to the Re is
observed for different roughness geometries employed in SAH
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ducts, specifically between the values of 23 and 30 (Figures
23-30). The categories comprise full ducts, first half ducts,
middle half ducts, end half ducts, and empty ducts.
Measurements were conducted at Re=3000 at 13:00 on four
days in February, twenty-five days in March, and twenty-five
days in April and May. The Nu is consistently higher for an
SAH featuring artificial roughness compared to one lacking it.
The rib's capacity to generate secondary flow enhances HT
performance through the implementation of artificial
roughness. The central core region of the SAH facilitates the
transport of cold fluid to the ribbed absorbed surface through
a secondary flow characterized by two counter-rotating
vortices. The interactions of these cells with the primary flow
disrupt the development of the boundary layer downstream of
the reattachment areas, thereby influencing recirculation and
flow reattachment between the ribs. The Nu for the roughened
duct relative to the smooth duct consistently increases with the
Re, as illustrated in this figure. With an increase in the Re,
there is a corresponding increase in velocity, resulting in an
enhanced rate of HT. Roughness elements begin to extend
beyond the laminar sub-layer as the Re increases. A Reynolds
number Re is associated with a decrease in the thickness of the
laminar sub-layer. Furthermore, the vortices that arise from the
roughness elements play a significant role in localized heat
dissipation. The heat transfer rate is enhanced as a result of this
phenomenon when juxtaposed with a smooth surface. On
February 4, the Nu enhancements for the entire duct, first half
of the duct, middle half of the duct, and end half of the duct
were 59%, 54%, 50%, and 29%, respectively, in comparison
to the empty duct.
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Figure 23. Variation of the Nu with Re at hour 13 on 4 Feb.
2024 for various configurations of the SAH

80 -
—o—full duct February

70 1 —e—first half duct Day 25
—o—Middle half duct Hour 13
60 - —o—end half duct
—o—empty duct
50 -
T P e e |

40 -

20 -

Nu

6000
Re

0 2000 8000 10000 12000

Figure 24. Variation of the Nu with Re at hour 13 on 25 Feb.
2024 for various configurations of the SAH
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Figure 25. Variation of the Nu with Re at hour 13 on 4 Mar.
2024 for various configurations of the SAH
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Figure 26. Variation of the Nu with Re at hour 13 on 25 Mar.
2024 for various configurations of the SAH
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Figure 27. Variation of the Nu with Re at hour 13 on 4 Apr.
2024 for various configurations of the SAH
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Figure 28. Variation of the Nu with Re at hour 13 on 25 Apr.
2024 for various configurations of the SAH
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Figure 29. Variation of the Nu with Re at hour 13 on 4 Apr.
2024 for various configurations of the SAH
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Figure 30. Variation of the Nu with Re at hour 13 on 25 Apr.
2024 for various configurations of the SAH

7.5 Effect of Re on Nu

The effect of Re and the day hours on the HT and Nu are
clearly depicted in Figures 31 to 34. In these figures, the
changing of Nu with Re is given for full duct at 13:00 am for
4 and 25 days in February, March, April, and May at the
highest temperatures time of 13:00 am of the day. The heat
acquired is directly proportional to the efficiency of the
collector, as established. The identified critical factors for
collector efficiency are ambient air temperature, the total heat
loss coefficient of the collector, and the efficiency factor of the
collector. Therefore, it would be more pragmatic to compare
the HT of the collectors with the correlations. For a fully
developed turbulent airflow between two insulated plates, one
of which is thermally energized. According to this equation
obtained for turbulent flow, Nu changed for 3000 < Re <
10000. The results indicated that the full-duct rough flat plate
and absorber configurations exhibited the highest Nu relative
to the other configurations. The convective heat coefficient
may decrease as a result of reduced usable heat gain (Q) and
an increased logarithmic mean temperature differential. The
Nu for HT, which correlates positively with the Re, remained
positive throughout the day. Two potential explanations
include, first, flows resulting from the formation of swirls as
the flow line extends, and second, flows arising from the
staggering of the flow line in relation to surface geometry. The
introduction of turbulence to the fluid increased the Nu and the
convective HT coefficient. As a result, the Nu increased by
34%, 30%, 25%, 18%, and 11% for 3000, 4500, 6000, 7000,
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increasing the turbulence of the fluid, we were able to enhance
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both the Nu and the convective HT coefficient. As a result, the
Nu increased by 73, 67, 59, 50, and 46 for mass flowrate of
0.01, 0.02, 0.03, 0.04, and 0.05 kg/sec, respectively, for the
case of using full duct and 4 days of February month at 13:00
hour. As a result, the Nu increased by 76, 68, 59, 49, and 44
for mass flowrate of 0.01, 0.02, 0.03, 0.04, and 0.05 kg/sec
respectively for cases of using full duct and 4 days of March
month at 13:00 hour.
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Figure 36. Variation of the Nu with hours of the day on 4

Apr. 2024 for various MSRs for configurations-1 air solar
heater

7.7 Friction factor (f)

The fluctuation versus Re for each of the scenarios was
displayed in Figure 37. The values in this context exhibit an
inverse relationship, with the f decreasing as the Re increases.
Furthermore, the graph indicates that the curves gradually
approach a constant value from Re=4500 to Re=10000. In
addition, case E yielded the highest f of 98%, with cases B, C,
and D following closely with nearly similar friction factors
(45% up, 42% down, and 39% middle, respectively). As far as
the smooth channel is concerned, it has recorded the lowest
value of f. The decrease is attributed to the fact that the
position of the baffles interferes with the flow of the fluid,
which in turn led to an increase in the pressure drop and f.
Moreover, in comparison to the other examples, the maximum
value of f was 0.08 at Re=3000, while Case E yielded a
maximum value of 0.14; nonetheless, as the Re grew, the f
decreased for all cases because the airflow rate increased and
the friction drag decreased.
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Figure 37. The friction factor is dependent on the Re across
all scenarios
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Figure 38. Contour of velocity distribution with Re on month
of May day 25 at hour 13 for the full duct configurations air
solar heater

7.8 Temperatures and velocity counters

To verify the results that were obtained by using the
numerical part of the CFD configuration sing of the SAH, the
thermal and aerodynamic characteristics of a smooth
(unrouged) surface were compared with the other
configurations of (roughed) absorber surface as the contour of
temperature, velocity and pressure along the absorber of the
SAH. Figure 38 shows the effect of Re for the data obtained
by the CFD configurations described by using the velocity
distribution near the absorber plate. The results showed that
the maximum velocity separated in the region between the
roughed sections in case of increasing the Re due to increasing
the vorticity in the region between the fins due to decreasing
the air flow rate. In general, the adequacy of the developed
computer SAH configurations to a real SAH was shown: the
behavior of the configurations quite accurately coincides with
the behavior of the simulated object under the same simulation
conditions, and the configurations are convincingly presented
with respect to the SAH properties predicted by the
configurations. The numerical study considers the average Res
corresponding to the airflow in the SAH on the pressure
distribution in the channel of the air heater. The results of the
pressure are presented in Figure 39, which shows the effect of
increasing the Re from 3000 to 10000 on the pressure
distribution. The results illustrated that the pressure
distribution will be affected by increasing the Re extremely by



increasing the pressure at the entrance of the duct from 2.9 pa
to 47.2 pa as the pressure increased from 3000 to 10000 due to
increasing the flow rate of the air flow shown in Figure 40.
The contour shows the distribution of air temperature in the
channel cross-section of the air solar heater for the Re=3000
to 10000. The temperature distribution starts from the middle
of the absorber plate from 47 to 82°C at Re=3000, but it starts
from 37 to 45°C approximately at Re=10000 due to increasing
the cooling effect by air caused by increasing the air flow rate
and increasing the HT.

7.9 Effect of configuration types

The effect of using three configurations of the roughed duct
that varied the location of the roughed surface by smooth
roughed surface, right roughed surface, middle roughed
surface, and left roughed surface and compared the effect with
the smooth configurations and with the full roughed
configurations that were discussed in the previous section. The
contour showing the distribution of air temperature, velocity,
and pressure in the channel cross-section for the Re=10000
was presented in Figures 41, 42, and 43, respectively. The
nature of the vortices formed behind the first five fins located
along the airflow is shown in the Figures. Due to a frontal

[Fa)

Re=3000

airflow impact, a separate flow is formed behind the first
region, which does not have a significant effect on the HT.
Further on, the flow stabilizes, and stable vortices are formed
in the inter financial region, full development of which occurs
after the passage of the fourth fin. The presence of a rough
right surface on the light-absorbing surface will lead to
destroying the boundary layer, increasing the velocity, and
increasing the temperature distribution. Therefore, an increase
in the k is observed. A turbulence kinetic-energy contour
obtained with the CFD configurations is shown in the Figures.
The k is a turbulence force in the airflow field. The kinetic-
energy contour makes it possible to understand the effect of
the artificially created surface roughness on the intensity of
heat exchange between the surface and air. The results showed
that the maximum value of the kinetic energy is observed near
the light-absorbing surface between the fins, and then it
decreases with an increase in the distance from the surface.
Thus, the presence of a rough surface significantly enhances
heat exchange processes near the light-absorbing surface. On
the Re for light-absorbing surfaces with different fin pitches
obtained by the developed configurations for various Res
3000>Re>10000.

Finally, Table 6 shows the concluded Produced
Correlations of the experimental results.
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Figure 39. Contour of pressure distribution with Re on month of May 25 at hour 13 for the full duct configurations air solar
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Figure 40. Contour of Temperature distribution with Re on the month of May 25 at hour 13 for the full duct configurations air
solar heater
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a) Smooth roughed duct b) Right roughed duct

¢) Middle roughed duct d) Left roughed duct

Figure 41. Contour of Temperature distribution with Re on the month of May 25 at hour 13 for various configurations air solar
heater
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Figure 42. Contour of velocity distribution with Re on month of May 25 at hour 13 for various configurations of air solar heater

Table 6. Produced correlations of the experimental results as following Nu=A Re® hourC day® month®

SAH Types A B C D E
Empty duct case A 0.32 03207 0.04 0.3124 0.2741
End half duct case B 0.26  0.1408 0.0697 0.6333 0.2024
Middle half ductcase D 0.195 0.4857 0.0711 0.612  0.1668
First half duct case C 0.18 0.4876 0.0882 0.7904  0.083
Full duct case E 0.15 0477 0.106 0.9367 0.0454
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Figure 43. Contour of pressure distribution with Re on month of May 25 at hour 13 for various configurations air solar heater

8. CONCLUSIONS

The examination of research on optimizing SAH
performance reveals two main types of artificial roughness:
ribs and baffles. Every single classification includes multiple
categories based on factors including shape, size, orientation,
and arrangement. Prior studies indicate a significant gap in
comprehensive research concerning the positioning of baffles
on the bottom plate within the air gutter of SAHs. This
research study employs a three-dimensional numerical
simulation. The analysis encompasses five cases: case A,
representing conventional scenarios; case B, with balls
positioned in the 2nd half of the air gutter (50% up); case C,
featuring balls in the 1st half of the air gutter (50% down);
scenario D, where balls are located in the middle of the air
gutter (50% middle); and scenario E, with balls distributed
throughout the entire air gutter (100%). The design and
manufacturing of the ball type were thoroughly involved in
this work.

The following points can be used to summarize the
conclusions:

* Case E, involving 100% balls, produced the highest Nu.

* At the outset, the local convective HT parameter for a soft
channel was higher at each Re. However, upon entering the
vortex, the fluid temperature decreases, and this pattern
persists throughout the channel's length.

* In the ball air channel, three distinct behaviors of the local
convective HT coefficient were observed. Initially, upstream
of the baffled section, small amplitude peaks are observed,
indicating a low local convective HT coefficient owing to the
reversed inflow of the initial balls and the prevailing inflow
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regime. Secondly, the baffled region exhibits large amplitude
peaks, indicating a significant local convective HT coefficient
resulting from the substantial vortex formations. Finally,
downstream of the ball section, smaller amplitude peaks are
noted, indicating a reduced local convective HT coefficient
upstream.

» Cases B, C, and D exhibited nearly identical minimal
values for the f. Because it occupies the same space from the
area of the absorbent surface, was involving 100% balls.

* In all analyzed scenarios, the f exhibited a decrease with
an increase in the Re.

* At a Re of 10,000, the Nu attained its peak values: 85 in
example E, 70 in case C, 60 in case D, and 55 in case B, all
corresponding to the same Re. At the same Re, the Nu
exhibited a minimum value of 32 for case A. Ata Re of 10,000,
the maximum enhancement in NU was observed as follows:
Case A exhibited a 62% increase, Case C a 54% increase, Case
D a 50% increase, and Case B a 41% increase.

* Correlations of the experimental results were produced for
the constants of the Nu number equation for all cases as
follows:

Nu=A ReB hourC dayD monthE

An analysis of heat losses resulting from convection with
external air and long-wave radiation exchange with the sky has
been conducted to evaluate thermal efficiency. Evidence
indicates that baffles enhance efficiency, as a higher Re
correlates with increased efficiency, particularly in case E
(100% obstacle instance). Where the air disorder is along the
plate.
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