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HIGHLIGHTS

o Fluid flow and heat transfer in an SAH
channel with metal foam were simulated

e The LTNE and DEF models were used.

o The thermo-hydraulic performance of SAH
was analyzed, considering several key
factors.

o Compared to the empty SAH duct, Nu rises
9-10.6 times and friction factor by 53.5-56.6

ABSTRACT

The two-dimensional numerical simulations focused on fluid flow and heat
transfer within a solar air heater (SAH) channel incorporating copper metal foam
with a porosity of 90% were carried out in this study. The Local Thermal Non-
equilibrium (LTNE) and Darcy-Extended Forchheimer (DEF) models were
employed to predict fluid and thermal transport in the partially porous SAH
channel. In the free flow zone, the k — & turbulence model was utilized. The
thermal and thermo-hydraulic performances of SAH were examined concerning
several factors, including pore density (w), Reynolds number (Re), and

EI'_?ES' ies T 933 t0 2.82 at H. =0.6 and dimensionless foam height (H). The results demonstrate that inserting a porous
.(n=l nggis rom 2.33 t0 2.82 at Hy =0.6 an substrate into the SAH can substantially increase heat transmission. This

enhancement ranges from 4.4 to 18.04 times compared to an empty duct for
Hf =0.2,0.4,0.6,0.8,and 1 at w = 10PPI. Moreover, increased porous layer
height and pore density lead to a corresponding increase in pressure drop.
Evaluating both the improvement in heat transmission and the associated
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pressure penalty, the case with Hy = 0.6, w =10PPI, and Re = 16,000
demonstrate superior overall performance, boasting a higher Thermal
Performance Factor (TPF) of 2.82 when compared to an empty channel. This
work presents significant findings on optimizing metal foam applications in SAH

systems, offering new insights into the field.

1. Introduction

Energy plays a fundamental role in driving the survival and advancement of the human race. The twenty-first century's
economic expansion and societal progress are predominantly attributable to the extensive use of conventional fossil fuel-
based energy sources. However, conscientious and ecologically sound energy utilization is an enormous challenge
confronting society in the twenty-first century. Energy systems have been and continue to observe a transition towards
sustainable energy. The ongoing shift towards sustainable energy necessitates a greater reliance on renewable energy sources,
the growth of low-carbon energy alternatives, and the advancement and implementation of technologies that reduce
emissions [1,2]. This transition aims to enhance energy efficiency, reduce carbon emissions, and promote environmental
sustainability. Solar energy, being a readily accessible and environmentally sustainable renewable energy source, possesses
the capacity to satisfy heat demands in numerous sectors, including but not limited to residential areas, agriculture, and
households. Consequently, it is crucial to diminish our dependence on conventional fossil fuels and attain our goals of
embracing low-carbon energy sources [3,4].

Solar air heaters (SAH) provide an eco-friendly and sustainable means of harnessing solar energy for various
applications, promoting energy conservation, and mitigating the release of greenhouse gases. Their simplicity and
adaptability make them valuable tools across different sectors, such as space heating [5-7], desalination [8], drying of
agricultural and industrial products [9,10], etc. However, the main drawback of SAHSs operating within moderate temperature
ranges is their poor thermal efficiency [11,12]. In an effort to improve the thermal performance of SAHs as a whole,
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researchers have conducted exhaustive studies on a variety of techniques, all to develop more efficient collectors, such as
aptipryiad surface roughness [13-15], employing phase change material [16,17], coating absorber plates [18], and extended
surfaces [19-21]. Among the several strategies for improving SAH performance, one extremely successful strategy for
improving heat transmission involves including porous materials, particularly metal foams, into the channels [22]. When
using porous material, the thermal performance factor is higher than solar air heaters with turbulators of various geometries
[23]. The porous systems' increased thermal and thermo-hydraulic efficiency may be ascribed to the more uniform
temperature distribution and improved fluid mixing. In addition to its excellent efficiency, the porous layer does not create
trapped vortices like traditional tabulators do, resulting in the absence of localized areas of high temperature (hot spots).

The incorporation of porous substrates into the collector channel has been the subject of an abundance of literature. Chen
et al. [24] analyzed the energy storage process within a solar flat-plate collector that incorporated paraffin-filled aluminum
foam. The results suggest modeling the PCM in porous foam using non-thermal rather than thermal equilibrium.
Furthermore, utilizing aluminum foam loaded with paraffin resulted in a substantial enhancement in heat transfer efficiency.
Rashidi et al. [25] did a sensitivity analysis to assess the influence of the Darcy number (Da). Reynolds number (Re), and
thickness of the porous substrate (Hf) on combined convection-radiation heat transfer in a heat exchanger loaded with a
porous medium of varied thicknesses. The investigation indicated that Re affects pressure drop and Nu is less for high Da and
porous medium thickness. At greater thicknesses, the Nu is extremely sensitive to variations in porous substrate thickness.
Bovand et al. [26] disclosed that the adoption of a porous substrate into the SAH results in a significant increase in the Nu. In
particular, at Da = 102 the aforementioned enhancements can be realized at multipliers of 3, 4.4, and 5.9 when the porous
layer thickness is 1/3, 2/3, and 1, respectively. Furthermore, an augmentation in the Da and a reduction in the thickness of the
porous layer are correlated with a corresponding escalation in the pressure drop within the system. A perturbation solution
was presented in the study of Jamal-Abad et al. [27] to analyze convection-radiation heat transmission within a porous
medium-filled SAH. According to their findings, as the shape parameter of the porous media increases, the Nu and pressure
loss both increase. The shape parameter informs how porous and permeable the porous layer is. Jouybari et al. [28]
discovered that adding a porous substrate to a flat plate solar collector (FPSC) resulted in an 82% increase in the Nu. They
stated that using porous foam improves optical efficiency and decreases heat losses, particularly at lower Re. Nevertheless,
attaining this enhancement necessitates greater pumping power due to an escalation in pressure loss throughout the channel.
The highest overall performance parameter of 0.21 was achieved.

The thermal features of an FPSC channel featuring a partially or completely filled porous substrate were examined by
Saedodin et al. [29]. Their findings suggested that the LTE assumption is appropriate for forecasting the thermal efficiency of
FPSC with porous material. Furthermore, the research emphasized the possibility of achieving substantial enhancements in
thermal efficiency and the Nu by 18.5% and 82%, respectively, through the utilization of this particular arrangement.
Another experimental work by Jouybari et al. [30], examined the thermal performance of FPSC that uses nanofluid
(SiOy/deionized water) flow through a metal porous foam channel. They showed that nanofluid increases thermal efficiency
by 8.1%. However, adding porous medium and nanofluid increases pressure drop, which should be considered in system
design. The same team also analyzed heat transmission in a porous FPSC channel [31]. The results of their study indicated
that the shape parameter of the porous material substantially impacts Nu and thermal performance within the FPSC channel.
However, evaluating these parameters requires a careful balance between pressure drop and heat transfer considerations to
provide a comprehensive assessment. Valizade et al. [32] conducted an experimental study that examined the impact of
incorporating copper metal foam in a direct absorption parabolic trough solar collector. They showed that thermal efficiency
was enhanced by up to 171% for completely permeable collectors and a rise of up to 119% for partly filled collectors. In
contrast, the porous solar collector exhibited a significant increase in the friction factor, surpassing values in the empty
collector by up to two orders of magnitude. According to Jouybari and Lundstrém [23], adding a thin porous layer on the
absorber plate significantly influences the SAH's thermal and thermo-hydraulic performance. This improvement is
substantial, with the highest surpassing 5 times when compared to an SAH lacking a porous medium. Anirudh and
Dhinakaran [33] performed a numerical analysis to improve the thermal performance of an FPSC by inserting porous metal
foam blocks. Their findings show that as the number of porous blocks grows, so does heat transmission and pressure drop.
Surprisingly, the study discovered that the best thermo-hydraulic performance of around 1.9 was obtained with the fewest
blocks of the smallest thickness, especially at high Da. In another numerical study, Anirudh and Dhinakaran [34] showed that
the thermal characteristics of the FPSC channel benefit from employing a conjugated arrangement of porous bodies; this
method improves heat transfer by promoting thermal mixing and redirecting a larger amount of the flow to the higher
absorber plate. Keeping the block's height low near the inlet and high near the outflow produced the best performance factor
of 2.163. A numerical investigation was carried out by Diganjit et al. [35] to improve heat transmission by utilizing discrete
metal foam blocks with varying thickness and porosity in SAH. The Nu improved by 157.64% to 218.60% compared to the
empty channel. Thus, they concluded that metal foam has the potential to serve as a highly effective choice for improving
heat transmission in a SAH, provided that it undergoes appropriate design considerations. To explore heat transfer
enhancement, turbulent flow in a heated square channel with solid or metal foam baffles of 95% copper porosity was tested
by Fadhala et al. [36]. They staggered the baffles with a gradient pore density on the top and bottom walls. Results showed
that baffles with a gradient pore density of 10/20 PPI had better thermo-hydraulic performance than all copper foam baffle
models. A chamfered structural design within a porous cavity was recently proposed and tested by Fu et al. [37] to enhance
the thermal performance of FPSC by reducing fluid flow resistance. The author showed that incorporating this cavity
structure increases the global Nu, decreases the friction factor, and improves PEC. The PEC demonstrates a peak increase of
12.5% compared to designs lacking the chamfered structure. Xia et al. [1,38] conducted a numerical analysis to examine the
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comprehensive heat transfer characteristics within the FPSC channel. This study considered different shapes of porous
blocks, quantity, permeability, and materials that were inserted into the FPSC channel. They showed that using rectangular
porous blocks clearly enhances heat transport within the FPSC channel. The optimal performance factor of 1.8 was achieved
when the number of blocks was adjusted to 6, especially in situations with high permeability Da = 10™2. However, it is
important to note that the friction factor reached its maximum value when N was set to 4. Table 1 below summarized some
numerical studies conducted on porous assisted solar systems.

From examining existing literature, the authors identified a notable gap in understanding the influence of metal foam on
solar air heater (SAH) performance. Moreover, despite the abundance of research on metal foams, there is a lack of attention
to the impact of pore density, permeability, and metal foam thickness on SAH performance. Accordingly, this paper focuses
on the numerical simulation of a SAH system partially or completely filled with copper metal foam utilizing the commercial
software ANSYS FLUENT 2023 R1, assuming local thermal non-equilibrium. The simulations were carried out for various
pore densities (0=10-40 PPI), Reynolds number (Re=6000-16000), and different dimensionless foam heights (H_f=0-1) to
achieve an ideal foam height that simultaneously enhances heat transmission and minimizes pressure loss. Finally, a
comprehensive analysis of the thermo-hydraulic performance factor (TPF) was conducted to identify the optimal trade-off
between enhanced heat transfer and pressure drop in the Solar Air Heater (SAH) channel. This examination aims to
determine the conditions that yield the highest TPF value. The outcomes of this study can serve as valuable technical
evidence, providing insights for potential future applications of SAH systems utilizing porous materials in both residential
and commercial contexts.

2. Problem description and assumptions

Figure 1a depicts the geometry of the solar air heater under consideration in this work. The solar air heater duct has a
cross-section of 300 mm x 25 mm. It consists of three sections: the entrance portion is 525 mm long, the test section is 1000
mm long, and the exit section is 875 mm long. These dimensions are in accordance with the requirements set by ASHRAE
Standard 93 [39]. Before entering the testing region, the fluid must achieve hydro-dynamically fully developed flow. The
entrance part's purpose is to ensure this condition's attainment. On the other hand, the exit section mitigates the impact of
departure disturbances or disruptions in the test section.

Figure 1b illustrates the arrangement where the absorber plate is surrounded by a copper metal foam substrate with a
height (hy) that can be changed. This design yields metal foam structures of different dimensionless heights (Hy) ranging
from O (representing an empty channel) to 1 (showing a completely filled channel).

It is assumed that the heat flux along the absorber plate is uniform. Both the top and lower channel walls are insulated.
The air flows into the channel at a constant temperature and velocity. The flow is considered two-dimensional, steady,
incompressible, and turbulent. Moreover, it is important to mention that the foam matrix is treated as isotropic, and it is
assumed that the thermo-physical properties of both the fluid and the solid remain constant, as detailed in Table 2. The flow
is modeled using the Darcy extended Forchheimer (DEF) equations in a porous matrix to account for viscous and inertial
effects. The two-equation temperature model ( LTNE) provides the basis for the mathematical explanation of energy transfer,
where the temperatures of the solid and fluid are independently solved [40,41].

Y
Outlet
Inlti Adiabatic walls Absorber plate ng% Copper metal foam
[(— —— Vu=0
. —] *::.,: m-,« S =0
HHHHHHHHHHHI‘HH X

Heat flux
(b)
Figure 1: Schematic of foam-assisted SAH, (a) 3D view (b) computational domain
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Table 1: Summary of numerical studies conducted on porous assisted solar systems

Models used Contributions Key Features Introduced Ref.
Darcy - extended The effects of covering the A thin, porous layer improves [23]
Forchheimer model, with absorber plate of a solar air  thermal performance compared to
LTE model. heater with a thin porous  solar air heaters with different
The effect of turbulence material,  considering  the  turbulators.
within the porous medium is turbulence impact within the  The recommended configuration
modeled with a macroscopic porous layer prevents trapped eddies above the
k-& model absorber plate, reducing hot spots
Brinkman- Examination of the impact of  The phase-change heat transfer [24]
Forchheimer extended the metal foam loaded with mechanism in the solar collector
Darcy model with the LTNE paraffin on a solar flat-plate may be better predicted by
model collector performance assuming LTNE between metal
foams and paraffin, which is
closer to the real-world situation
Brinkman-Forchheimer The impact of various factors Adopting porous substrate into [26]
extended the Darcy model on the convection-radiation SAH significantly increases the
with the LTE model heat transfer and flow Nusselt number (Nu)
structures within a solar heater
Brinkman-Forchheimer Temperature-dependent Radiation has a more significant [31]
extended Darcy model radiative conductivity was used impact on collector thermal
The heat transfer equation  to evaluate the performance of  performance and the Nu than the
has been solved analytically ~a porous channel solar  porous shape parameter
based on the perturbation collector
method
Brinkman-Forchheimer The influence of porous blocks' For the porous channel, it is [33]
extended the Darcy model height, number, permeability, confirmed that the extended
with the LTE model and arrangement were studied Darcy-Brinkman-Forchheimer
model is the right choice
Optimal performance is attained
when the inlet and outflow are
free of porous blocks
Brinkman-Forchheimer The thermal characteristics of ~ The highest performance is [34]
extended the Darcy model conjugated  porous  blocks observed when the height of the
with the LTE model within FPSC were investigated block is lower near the inlet and
higher near the outflow
Darcy - extended Utilization of discrete metal Employing a discrete [35]
Forchheimer model, with foam blocks with varying arrangement of metal foam
LTNE model thickness and porosity in SAH reduces pressure drop while
maintaining effective heat
transmission
Brinkman-Forchheimer Present an innovative design The chamfered cavity structure [37]
extended the Darcy model for enhancing the thermal leads to an increase in the global
with the LTE model performance of a flat-plate Nu and a reduction in the friction
solar collector (FPSC) via  factor, resulting in an improved
porous media PEC value
Brinkman-Forchheimer This study examined different Using a large number of [1,38]
extended the Darcy model designs of porous blocks, their rectangular porous blocks with
with the LTE model amount, permeability, and the high permeability enhances heat
materials used when they were  transfer efficiency within the
introduced into the FPSC FPSC channel
channel.
Darcy - extended Simulations focused on fluid Present

Forchheimer model, with

flow and heat transfer within

LTNE model an SAH channel incorporating
copper metal foam with a
porosity of 90% were carried
out
Table 2: Thermo-physical properties in this study
Properties Unit Porous media (Cu) Air (Pr=0.741)
p kg/m3 8978 1.225
cp J/kg.K 381 1006.43
A W/m.K 387.6 0.0242
u kg/m.s 1.7894 x 105
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The average hydraulic diameter based Re number and average Nu number can be defined as in Equations (1 and 2)
respectively [23]:

_ PpugyDp
Re = —”f (1)
Nu =228 )
f

where h is the average heat transfer coefficient, which can be derived from the following expression [23]:

h, = —4 R=X (p ax 3)

T Tw—Tmx L, Jx=Lq

where T, , represents the mean temperature of the fluid in the cross-section at position x. This mean temperature is

expressed as follows [23]:
1 y=H
Ty Jy=0 ¥ T dy 4)

The term u,,, denotes the mean velocity at the identical cross-section, which can be expressed as [23]:

Tm,x =

1 (y=H

Unx =7 Jy=o ¥ dy ®)
The Fanning friction factor, f, is defined as [42]:
_ AP Dy
f - 2pu2' L (6)

The Nu and f for an empty channel are determined using the Dittus- Boelter and modified Blasius equations, Equations
(7 and 8) respectively, as specified in [43].

Nug = 0.023Re%8pr04 )

f: = 0.085Re 025 (8)

Webb and Eckert [44] introduced a metric to assess the heat transfer efficiency of a modified duct, like those featuring
roughened surfaces, relative to a smooth duct while maintaining constant pumping power. This performance metric is called
the thermo-hydraulic performance factor (TPF), in Equation (9):

TPF = 9)

The Thermo-hydraulic Performance Factor (TPF) is utilized to quantitatively assess the simultaneous influence of
incorporating a porous material into the SAH on both the heat transmission enhancement and pressure drop penalty.

3. Numerical formulations

3.1 Numerical simulation methods

The simulations used the commercial ANSYS FLUENT software, specifically version 2023 R1, employing the FVM
approach while considering the required boundary conditions. For this investigation, the k — & viscous model in ANSYS
Fluent was employed. The simulations utilized a planar-space steady-state pressure-based solver with double precision. The
discretization of convection and diffusion terms was discretized using a Green-Gauss node-based approach. The momentum,
energy, and turbulence equations were spatially discretized using a second-order upwind scheme, and a second-order scheme
was applied for the space discretization of pressure. The SIMPLE algorithm managed the interplay between the pressure and
velocity domains. The convergence criteria were established using residuals to guarantee the accuracy of the solution. For the
continuity and momentum equations, a residual limit of 10™* was employed in this study, whereas an even more rigorous
limit of 1076 was applied to the energy equation.

3.2 Governing and turbulent equations

The fluid flows through the unoccupied space and channel sections containing metallic foam. In the case of turbulent
airflow within the channel's open space, a standard k — ¢ turbulence model is employed, as reported in [45,46]. The
following are the governing equations evaluated in accordance with the assumptions stated above [47,48]:
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- Governing equations for the fluid zone (turbulent flow) :
Continuity equation:

o(pru;) _
Tox = 0 (10)
Momentum equation:
ppuiy) _ _0p 4 0 oui | Oy
6xi - 6xi + 6xj I:('uf + 'ut) (ax] + axl)] (11)
Energy equation:
9 T) = 2 |(H#L 4 #e) 2T
0x; (pfulT) a Oxj (Prf + Prt) 6x]] (12)

The turbulent kinetic energy (k) and rate of energy dissipation (¢ ) are expressed as follows in equations 13 and 14,
respectively [47,48]:

72 [(0m 0T o) _e 9 [, 4 ) O
u] axj - Mt [(an axi) ax]] 8 an ('u+0k) an] (13)
2 _ o E[(7m L, 0m\ om) _ o€ o [ L me) Oe
Y Oxj = Cex 'utk [(636]- + axi) 6x]] Cea k + Oxj (‘u + ae) 6xj] (14)
Where
kZ
Ur = pCH? (15)

The p, denotes the turbulent viscosity while g, and o, are constants known as turbulent Prandtl numbers associated with
k and . The values assigned to these turbulent model constants in the above equations align with those previously reported
[47,48]:
Cer = 144, (g =192, (,= 0.09, o, =10, o.= 1.
- Governing equations for foam zone [47,48]:
- Continuity equation:

AprPuy)
P 0 (16)
Momentum equation (Darcy-Extended Forchheimer model):
Oppuinp) _ _pzop 0 [ (0w %) o w4 2L
axi - ani + 6xj 'uf (ax]' + ax,- @ (K ul + \/E |u|ul) (17)
Energy equations for local thermal non-equilibrium model.
- For fluid [46]:
0 _ ad an
®a_x]'(pfcp’f uij) = Afe a—x] (a—x]) + th asf (TS — Tf) (18)
- For solid [46]:
a (0T
0= ﬂ.se a—x] (a—xj) - th asf (TS - Tf) (19)

In the above, K, A, Are, asr , and hgy are unique characteristics specific to metallic foams and can be obtained or
derived from the information provided in Table 3.

Considering that the two sets of governing equations are linked at the interface between the porous and fluid phases,
defining the interfacial coupling conditions is crucial to conclude Equations appropriately. 10-19. To uphold meaningful
physics, it is necessary to ensure the continuity of velocity, shear stress, fluid temperature, and heat flux at the porous-fluid
interface. The corresponding expressions are denoted by Equations (20-24) [46].
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uly- = ulyi+ (20)

Torl, =l (21)

Trly- =Tyl (22)

Ao S5+ age o] =% T (23)
e 53], = e (ol =Tyl (24)

3.3 Boundary conditions

The following are the boundary conditions that can be specified for an SAH channel partially filled with metallic foams:
(1) Atinlet (x =0, 0 <y < H), the steady flow with a uniform fluid velocity and temperature is given:

u=U, v=0, T=T,
(2) Atexit(x =L, + L, + L3, 0 <y < H), the fully developed conditions are fulfilled:

ou _ v _ oT _

x=0 5=0 =0

(3) Along the upper walls (0 <x <L, + L, + L;,y = H), the no-slip conditions and the perfect-insulated plates are
taken:

(4) Along the lower walls (0 < x < L, + L, + L3,y = 0), the no-slip conditions are taken.
u=0 v=0
atinsulationarea (0 <x <L;, Li+L,<x<L;+L,+L;, y=0):

oT

a0

at heat sources area in absorber plate (L, < x <L, + L,, y = 0) (porous region):

7 _ 0T an
q__/lsea_ fega

3.4 Grid study

To enhance the quality of the solution, a finite number of rectangular/quad cells are utilized to discretize the two-
dimensional computational model. The grid has been refined near the wall between the fluid layer and the porous medium.
Figure 2 illustrates the generated geometry, which has been elongated along the axial to enhance visibility. To verify the
accuracy of the numerical solutions, a grid independence test was performed using five sets of grid systems in simulations at
Hy = 0.6, w = 10PPI, and Re = 10,000. Table 4 shows a discrepancy of around 0.043% in the Nu between the two sets of
computed values for grids with 525,232 and 417,389 elements, respectively. Consequently, the grid with 525,232 cells has
been chosen for the remaining simulations

Clear FluldRegion

Figure 2: Distribution of grids within the computational domain for the case of H_f=0.6
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Table 3: Correlations for metallic foams' parameters

Parameter Correlation Ref.
Pore diameter (d,) _0.0254 [49]
= ——

Fiber diameter (d) d, P 1 w [49]

E = 1'18\{ 37 1_e @91004
Permeability (K) q -1.11 [49]

K =0.00073d2(1—¢) % d—f

P
Specific surface [50]
area (asy) a, = &fz [1_ e—(1—¢)/0.04]
(0.59d,)

Lo et st  [oreRet P, < Re, <40

Nu, = sz =40.52Re%* Pr®¥’ (40<Re, <10°)

" |0.26Re%° Pr°¥, (10° <Re, <2x10°)
d= (1_ o~(1-4)/0.04 )d f
ud
Re, = P
Hy

Effective thermal _ 1 [51]
conductivity (4,) ®  V2(R,+ Rz + Rc + Rp)

Where,

R, 42

T (2e2 +mA(1— €)X, + (4 — 2¢2 —mA(1 — e))Ay

(e — 22)?

Rg

T (e —2M)e?A; + (2e — 41 — (e — 2)eD) Ay

(V2 — 2¢)?

R¢

Rp

T 2m12(1 — 2v2e) 1, + 2(V2 — 2 — mA2(1 — 2Ze) Ay

2e

T ez As+ (4 —e?)Af

V2 (2-(5/8)e3 V2 -20)
A= ,e =0.339

n(3-4V2 e—e)
Then,

Are = Ae at A, = 0, and

Ase = A at A = 0

Table 4: Impact of grid size on Nu for Hf = 0.6, w = 10PPI, and Re = 10,000

No. No. of Elements Nu Percentage Difference
1 240,000 346.858 1.829%

2 285,385 340.513 1.840%

3 342,829 334.249 1.787%

4 417,389 328.275 0.003%

5 525,232 328265 @ -

3.5 Validation procedure

3.5.1 Clear flow region

The Nu and f values for the smooth duct, obtained by the present numerical approach, were compared to those calculated
using the empirical correlations (Equations 7 and 8), respectively. Additionally, the current results were compared to the
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experimental findings of Patel et al. [43], as shown in Figure 3a and b for Nu and friction factor respectively. The pattern
similarity between the Nu and f plots is evident. The maximal divergence from the empirical correlation for Nu was found to
be 6%, while the variations compared to experimental data were found to be within the range of 1.28 to 8.4%. Similarly, for
the friction factor (f), deviations ranged from 6.1 to 8.7% and from 0.19 to 3.38%, respectively. Based on this comparison, it
may be inferred that the existing numerical technique yields satisfactory outcomes.

60 0.012
¥ v Modified Blasius equation
. 0.011 4 *  Patel et al. [48]
x o A Present numerical result
*
*
: 0.010 4
40 4 ¢ v *
*
2 ' “ 0009 - v X
w Dittus-Boelter correlation :
30 ' * Patel et al. (48] b 4
b 4 Present numerical result 0.008 4 v : N
v *
A
-] v
20 * \
0.007
10 T T r T T T T 0.008 T T T T T T T
4000 6000 8000 10000 12000 14000 16000 18000  20C 4000 6000 8000 10000 12000 14000 16000 18000 20000
Re Re
(@) (b)

Figure 3: Comparison of the current numerical findings with the experimental data obtained [43] and empirical correlation
for (a) Nu, and (b) friction factor

3.5.2 Porous region

The experiment conducted by Dukhan et al. [52] was simulated for validation, and the predicted results were compared to
the current study's findings. The experimental setup involved a fully filled, heated open-cell aluminum foam cylinder with a
constant heat flux at the wall, cooled by water flow with an inlet velocity of 0.0049 m/s. The inside surface of the tube was
lined with 87.6% porosity aluminum foam. The plots in Figure 4 present the experimental and numerical results for wall
temperature at various axial distances. The fact that the numerical calculations' results match the experimental trends indicates
that the two sets of results are in good agreement.

50
45 -
40 -
o
“; —&— Present study
= 0O Dukhan et.al (2015)
35 4
30
25 T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
X (m)

Figure 4: Comparison of the current numerical findings with the experimental data of Dukhan
et al.[52] for wall temperature along the axial distance

The current model was also verified using the outcomes of Saedodin et al. [29] for an FPSC filled with copper metal foam
at various flow rates. The metal foam has a porosity of 0.93 and a pore density of 20 PPI. The comparisons in Figure 5a and b
indicate that the average Nu and f are in good agreement with their numerical and experimental values. The friction factor and
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the average Nu exhibit maximal relative deviations of 3.13% and 4.57%, respectively. Therefore, the anticipated outcomes
justify the utilization of the aforementioned numerical model in the subsequent investigation.
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Figure 5: Comparison between the present numerical results and the result of Saedodin et al. [29] for (a) Nu,
and (b) friction factor
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4. Results and discussion

4.1 Velocity profiles

4.1.1 The effect of foam height

The velocity contours inside the heater for different foam heights and Re = 16000 are shown in Figure 6. According to the
Figure, the velocity within the porous substrate is much lower than that in the clear fluid zone for the partially filled channel
(He = 0.2 —0.8). The high resistance shown by the porous substrate causes this difference in velocity. Furthermore, the
velocity exhibits an upward trend with the dimensionless foam height in the fluid zone. This phenomenon occurs because
increasing dimensionless foam height decreases the cross-sectional area in the fluid zone. As a result, the clear fluid zone
experiences a higher velocity.

The influence of several critical variables on the velocity profile is evident in Figure 7 (a—c). The impact of dimensionless
foam height (H; = 0,0.2,0.4,0.6, 0.8 and 1) on the velocity profile at a location x = L; + L, /2 is depicted in Figure 7a. The
velocity profile of a filled channel (Hr = 1) is identical to that of a smooth channel (H; = 0), except for a more uniform
distribution due to the absence of an abrupt change in permeability across the cross-section. The velocity in the foam zone of
the partially filled metallic foam channel has a homogenous characteristic. The sudden increase in permeability at the interface
between the porous material and the fluid causes a rapid change in the velocity distribution at that contact, leading to a
maximum velocity in the fluid zone. The statement suggests an upward relationship exists between the height of the metal
foam substrate and the peak velocity, meaning that as the height grows, the peak velocity also increases. This phenomenon is
ascribed to the heightened fluid flow within the fluid zone. The reduced height of the fluid region, linked to the increased
thickness of the metallic foam, enables more effective and focused fluid motion. Consequently, the peak velocity, which refers
to the highest speed of the fluid flow, tends to rise. The significantly lower velocity in the foam region suggests that most of
the fluid passed through the open region, with just a small amount passing through the foam region.

4.1.2 The effect of Re

Figure 7b shows the velocity profiles under different Re numbers when hy = 15mm (H; = 0.6). It is discovered that
when the Re number grows, the fluid velocities within partially filled channels (both the foam area and the fluid region) all
increase, where higher Reynolds numbers frequently equate to more energetic and faster-flowing fluid. Additionally, it is
worth noting that the velocities of the partially filled channel exhibit their maximum values at H = 20 mm when subjected to
various Re numbers. The findings also demonstrate that the average velocity in the open zone is markedly greater than in the
foam region. This indicates that, although there is a significant incoming flow velocity, the velocity within the foam zone is
quite small.

4.1.3 The effect of pore density

The impact of pore density (w) on the velocity profile is depicted in Figure 7c. Because the porous foam becomes less
permeable as the pore density or porosity increases, an increase in pore density might slow down the flow in the foam zone and
speed up the flow in the fluid zone. The increased flow resistance caused by the smaller holes in the 40 PPI foam leads to air
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evading the foam area and moving away from higher PPI foam. Consequently, as the pore density grew, the fluid velocity
decreased in the foam area and increased in the open area.
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Figure 6: Velocity contours inside the heater at Re = 16000 for different dimensionless foam heights
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4.2 Temperature distribution

4.2.1 Temperature contours

Figure 8 displays the temperature distribution patterns in relation to copper metal foam with a porosity of 0.9 and a pore
density of 10 PPI. The temperature contours were plotted for various dimensionless foam heights at a Re 16000. Evidently, the
highest temperature corresponds to the temperature in close proximity to the absorber plate. The absorber plate temperature is
elevated for lower metal foam height, as seen in Figure 8. Also, the temperature distribution is nearly uniform throughout the
channel, except near the absorber plate. As the thickness of the metal foam grows while maintaining the same PPI and
porosity, the temperature of the absorber plate drops. This is because the increased thickness provides a larger surface for heat
transmission. The contours exhibit greater irregularity when the heater is completely filled with porous material (H; = 1).
Considering the effect of heat conduction is crucial when including porous materials in the heater. Furthermore, using porous
material has resulted in an amplified temperature differential along the wall.
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Figure 8: Temperature contours inside the heater at Re = 16000 for different dimensionless foam heights

4.2.2 Absorber plate temperature

The absorber plate temperatures computed in the current study for both the absorber with and without a metal foam layer
covering it (empty) in the flow direction (x) at various foam heights, Re numbers, and pore densities are illustrated in Figure 9
(a-c). According to the Figures, the wall temperature tends to rise with increasing axial distance along the flow direction for a
given heat flux. The observed behavior may be attributed to various factors, including convective heat transfer and heat
conduction, which contribute to the rise in the fluid's temperature as it goes downstream.

According to Figure 9a, the plate temperatures with metal foams are consistently lower than those without, regardless of
foam height. The improved heat transmission from the absorber plate can be due to three factors: i) the elevated thermal
conductivity, ii) the increased fluid mixing within the porous medium, and iii) the higher surface area. A thinner boundary
layer and a more homogeneous velocity profile result from these factors compared to an empty channel. The reduced plate
temperature safeguards it against thermal stresses and breaking down when exposed to high temperatures [53]. Furthermore,
the current configuration effectively eradicates hotspots by virtue of the porous media geometry that hinders eddies from
forming on the plate. Therefore, it is recommended that foams with excellent conductivity be adhered to the duct's absorber
wall.

Furthermore, the wall temperature decreases when the Reynolds number increases, as shown in Figure 9b. A higher
Reynolds number indicates more fluid flows within the foam zone (higher velocity), enhancing convective heat transfer. This

13



Kadhim Idan et al. Engineering and Technology Journal xx(xx) (xxxx) xx-xx

enhancement of heat transmission tends to reduce the temperature of the wall. This trend is expected and very similar to what
other experimental studies provide, such as Kurtbas and Celik [54] and Dukhan et al. [52,55]. The wall temperature is lower at
higher flow velocities and foam heights, suggesting better heat transfer rates.

Figure 9c shows the absorber wall temperature for various pore densities at Re = 16000 and H; = 0.6. As the
permeability is enhanced by reducing the foam's pore density, the fluid traveling through the foam regains increases at low
pore density values (high permeability). As the heater becomes more saturated with fluid, it carries away more heat, increasing
convective heat transfer. This enhanced heat transfer tends to decrease the absorber wall temperature.
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Figure 9: Impacts of key factors on absorber plate temperature: (a) foam height, (b) Re, and (c)
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4.2.3 Exit temperature

The temperature profiles across the height of the SAH duct at a specific distance x = L, + L, (test section exit) are shown
in Figure 10a for various foam heights. The solar air heater with a metal foam layer generates a more evenly distributed
temperature across its cross-section. It maintains a lower wall temperature, even when subjected to the same incoming heat
flux. In contrast to the empty SAH, the porous solar heater demonstrates a more uniform temperature distribution, with a lower
temperature observed on the lower wall (H = 0). Notably, as the metal foam height increases, the porous layer's temperature
distribution becomes more uniform. The high thermal conductivity of the porous media and the mechanical mixing within the
porous layer contributes to an enhanced heat transfer rate from the absorber wall, resulting in lower temperatures of the
absorber plate.

A decline in temperature is evident in Figure 10b as the Reynolds number increases. According to the principle of energy
conservation within SAH, Q = m cp(T, — T;), increasing the velocity and Re results in a higher mass flow rate, which results
in a decrease in the temperature difference between the input and output while keeping the amount of heat transmitted to the
SAH constant, Q. As the inlet temperature (T;) is constant, the outlet temperature (T,) diminishes as Re increases.

The temperature profiles across the height of the SAH duct for different pore densities are presented in Figure 10c for
H; = 0.6. The temperature variation across the channel height is slightly higher for 40 PPI compared to other PPIs of metallic
foam in the porous zone, whereas it decreases in the open zone. As the pore size increases, the velocity decreases within the
foam-filled region and rises in the fluid region. An increase in flow velocity within the fluid region reduces the time of contact
between the air and the heat source. Consequently, the air's capacity to assimilate the entire quantity of heat diminishes. T his
effect occurs due to the increased air velocity inside the system, reducing the time for thermal contact. This, in turn, leads to a
reduction in the variance in exit temperature at the larger PPI of the metallic foam. In other words, as the air moves faster, it
absorbs less heat, resulting in fewer temperature variations between various exit points.

4.3 TKE production

The Turbulent Kinetic Energy (TKE) contours inside the heater for different foam heights and Re = 16000 are shown in
Figure 11. As the porous-fluid interface experiences a greater velocity gradient, an elevated degree of turbulent kinetic
energy (TKE) generation was noticed at this location. Moreover, Figure 11 demonstrates that the k_e model accurately
represents the higher TKE level near the porous/fluid interface compared to the TKE near the solid top wall. The profiles
produced by Breugem and Boersma [56] exhibit excellent agreement. The magnitude of turbulent Kinetic energy (TKE) is
negligible within the porous medium; however, it gradually rises to its maximum value at the interface between the porous
material and the fluid. The TKE drops as it approaches a lower maximum at the top wall, followed by a continuing decline
along the wall.

According to Chandesris et al. [57], a disparity in velocity between the fluid inside and outside of a porous layer induces
Kelvin-Helmholtz instabilities at the interface, generating significant turbulence patterns across the permeable wall. The
peaks observed in the turbulent kinetic energy (TKE) profiles at the interface between the porous medium and the fluids in
Figure 12a represent this impact. These peaks are substantially greater than those near the channel's upper solid wall.
Furthermore, creating these big structures in the channel's clear section promotes turbulence mixing, which improves heat
transmission between the main flow and the heated plate. Figure 12b illustrates the turbulent kinetic energy (TKE) across the
channel height at x =L 1+L 22 with a pore density of 10 PPI while considering various Re numbers. Regardless of the
Reynolds number, there is only one singular point of maximal turbulent kinetic energy (TKE) at the interface between the
porous material and the fluid. This indicates a regular trend in which TKE attains its maximum value at a certain place within
the interface. As Re grows, the peak of the turbulent kinetic energy distribution similarly increases. The relationship between
Re and turbulent Kinetic energy suggests that greater fluid flow rates, which correspond to higher Reynolds numbers, lead to
an augmentation of turbulent kinetic energy at the interface between the porous material and the fluid. Figure 12c displays the
effect of pore density on TKE. It can be seen that the TKE profiles have an upward relationship with pore density, as
indicated by the increasing peak values. Increased pore density reduces the permeability of the foam structure, resulting in
greater resistance to fluid movement. Consequently, the contrast in fluid velocities between the porous layer and its
surroundings increases, as depicted in Figure 7. This leads to intensified turbulence effects at the interface when the pore
density is higher.

4.4 Heat Transfer Characteristics

Within the metal foam region, there are two potential routes for the transfer of heat delivered to the channel wall: firstly, it
can be directly transmitted to the fluid, or secondly, it can be conducted via the metal foam fibers and subsequently transferred
to the fluid through convective heat transfer. Therefore, the thermal resistances can be categorized into three components:

1. The convective thermal resistance existing between the heated plate and the fluid
2. The conductive thermal resistance of the solid material
3. The thermal local convective resistance occurring between the solid and the fluid

Both the metal foam and fluid components contribute to the overall thermal resistance. Thermal energy is transferred from

the metal-foam region to the fluid in the non-metal-foam region within the open zone [58,59].
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Figure 12: Impacts of key factors on TKE production: (a) foam height, (b) Re, and (c) pore density

4.4.1 The effect of foam height

In Figure 13, the impacts of vital parameters on average Nu are illustrated. The Nu number exhibits an upward trend
with the thicker foam across various Re values, as illustrated in Figure 13a. The high thermal conduction effect of the metal
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foam, as well as the higher surface area and better fluid mixing, allows for efficient transfer of heat from the wall to the
moving fluid. Furthermore, the Nu number rises in conjunction with the Re for various foam heights, as an increase in Re
number can facilitate convection heat transmission and decrease the thermal resistance of the fluid component. The thermal
resistance of the fluid component diminishes and loses prominence as the Re number rises. The obtained Nu values for the
SAH with the metal foam are 3.6 to 18.04 times higher than those of the SAH without foam, considering the Re numbers and
foam height under consideration. Furthermore, at Re of 16000, the Nu increases by 309.9% as H; increased from 0.2 to 1.
While the Nu increases by only 122% as Re increased from 6000 to 16,000 for H = 1. This implies that altering the height
of the metal foam has a more noticeable impact on the heat transfer improvement (as shown by Nu) compared to increments
in the flow rate of the fluid (Re).

4.4.2 The effect of pore density

Figure 13b depicts the influence of pore density on average Nu for various Re at Hy = 0.6. It is also discovered that
when pore density rises, the Nu eventually declines to a nearly constant value. This pattern is remarkably similar to previous
studies, such as Xia et al. [1,38] and Nimvari et al. [60]. Although growing pore density at a fixed porosity can enhance heat
transmission surface area, the mass flow within the foam zone drastically reduces. Therefore, the local area's convective
thermal resistance increases as the foam zone's mass flow rate decreases. Still, the thermal resistance owing to heat
conduction remains unchanged (fixed porosity). At a large pore density, the declining trend of the mass flow in the foam zone
becomes less pronounced, resulting in a constant Nu number. Therefore, it is recommended to use a moderate pore density in
the thermal design of associated applications to optimize heat transfer performance and minimize pressure loss. At Hy = 0.6,
and Re = 16,000, the 10 PPI copper metal foam exhibits 960.4% in Nu compared to the empty SAH and 19.37% compared
to 40 PPI.
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Figure 13: Impacts of key factors on heat transfer features: (a) foam height and (b) pore density
4.5 Pressure drop

4.5.1 The effect of foam height

The increasing trend in pressure drop is a critical consideration when utilizing a porous material to improve heat transfer.
Figure 14a depicts the effect of dimensionless foam height (H;) on friction factor for various Reynolds numbers at w =
10 PPI.

The pressure drop increases as the height of the metal foam area grows. The larger the foam height, the higher the
pressure drop; the higher the incoming air velocity, the higher the pressure drop. Increased porous layer height reduces the
transparent fluid area and hardens fluid flow, increasing pressure drop. Furthermore, the impact of Re is sensitive to foam
height; that is, the higher Hy, the greater the influence of Re. The pressure loss for a channel configuration with full metal
foam content is significantly greater than that of a channel with a partial porous material fill. Including metal foam increases
the pressure drop by around 5-490 times compared to an empty SAH duct for the range of foam heights examined.

4.5.2 The effect of pore density

As indicated in Figure 14b, the pressure drop increases as pore density rises. In this case, the higher PPI causes the fiber
diameter of the metallic foams to decrease, increasing the foam's inertial resistance and, as a result, the pressure drop.

Additionally, the increment rate diminishes as the pore density grows. When the pore density increases, the resistance
within the foam zone forces a greater volume of fluid to pass within the open zone. As a result, the pressure drop is less
affected by the growing pore density. At Re=16000, the pressure drop increased by 41.14% as pore density rose from 10PPI
to 20 PPI. Farther the pore density to 40 PPI increases the pressure drop by only 31.72%. Moreover, the variation in AP
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between two PPIs grows as Re increases. At Re=6000, the pressure drop increased by 61.13% as the pore density increased
from 10 PPI to 40 PPI. Increasing Re to 16,000, the pressure drop increases by 85.92% for the same pore density range.
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Figure 14: Impacts of key factors on pressure drop: (a) foam height and (b) pore density

4.6 Friction Factor

As previously established, foam height, Re, and pore density are all significant factors in identifying flow characteristics.
The impacts of these factors on the friction factor are investigated in this section and illustrated in Figure 15.

4.6.1 The effect of foam height

The influence of dimensionless foam height (H) on friction factor for various Re numbers is shown in Figure 15a. As
expected, when Hy climbs from O to 1, the friction factor goes up from the value of an empty channel to that of a channel
filled with metallic foam. As H; goes up, the area of the low-permeability zone also expands and contributes to the rising
trend. It is important to highlight that the friction factor (f) consistently exhibits higher values at lower Re numbers.
According to the definition of the friction factor in Equation (21), at small Re numbers, the flow rate in the SAH channel is
low, indicating lower total flow Kinetic energy. Consequently, the friction factor tends to be higher under these conditions.

4.6.2 The effect of pore density

Figure 15b illustrates the impact of pore density on the f for various Re numbers. The friction factor exhibits a
significant rise with increasing pore density due to the reduction in permeability of porous foam. However, it eventually
levels out as w continues to grow. This phenomenon may be explained by the decrease in mass flow fraction in the foam
zone when w reaches a high enough level. This indicates that the porous structure has little impact on flow resistance after
the pore density is above a certain threshold.
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4.7 Thermal performance factor
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Figure 15: Impacts of key factors on friction factor: (a) foam height and (b) pore density

The TPF, as specified in Equation (9), evaluates the overall performance of the SAH system by considering the pressure
drop increase and heat transfer enhancement. It is accepted that the TPF value will be greater than 1, indicating that the impact
of improved heat transfer surpasses that of increasing pressure drop.

The effects of dimensionless foam height, pore density, and Re number on the TPF values of the enhanced SAH system
are illustrated in Figure 16 (a,b). The Figure illustrates that the TPF values for the range of dimensionless foam heights, pore
densities, and Re numbers examined are consistently greater than 1. This indicates that the enhanced SAH possesses a
substantial application value. Moreover, as shown in Figure 16 (a), initially, as the dimensionless foam height increases, the
TPF values rise. This suggests an improvement in performance with a certain range of foam height. The TPF values reach
their peak values at a certain dimensionless foam height. This indicates an optimal height for the foam layer, maximizing the
system's performance. As the dimensionless foam height increases beyond the optimum value, the TPF values begin to drop.
The decline in performance might be ascribed to diminished returns or negative impacts on the heat transfer mechanism
caused by excessively thicker foam layers. It is found that Hr = 0.6 is an optimum porous layer height for all of Re numbers
that are in accordance with Nimvari et al. [60] results. When theH value exceeds 0.6, the rise in the resistance coefficient (f)
is greater than the increase in the Nu number. Consequently, the enhanced SAH system under this condition has less practical
utility. As the metal foams cover the entire absorber plate area (see Figure 1b) and the thinner foam height will not
considerably increase the pressure drop, it is noted that Hy = 0.6 and w = 10 PPI, the TPF ranges from 2.33 to 2.82,
showing a superior thermo-hydraulic performance.

Further, it shows that TPF increases with Re for a constant foam height but decreases with pore density for the same foam
height and Re. This pattern is similar to that observed by Jouybari and Lundstrém [23]. The impact of increasing the Re on the
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Nu is highly evident. However, it has a little impact on the Darcy and inertial resistances in the porous zone, likewise the shear
stress in the non-porous zone. Thus, the overall effect is a rise in the TPF values.

In addition, as mentioned previously, the Nu decreases while friction increases with pore density. Therefore, it is intuitive
that the TPF decreases with increasing pore density, as shown in Figure 16 (b). The TPF drops sharply at low pore densities;
however, it decreases less slowly as the pore density continues to grow. At Re=16000, the TPF drops from 2.82 to 2.27 and
from 2.27 to 1.92 as pore density increases from 10 to 20 PPI and from 20 to 40 PPI, respectively.
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Figure 16: Impacts of key factors on TPF: (a) foam height (b) pore density

4.8 Development of correlations for average Nu and f

At a constant foam height, the average Nu and f are strong functions of Reynolds number (Re) and pore density (w).
The functional relationships of Nu and f in terms of Re and w are therefore given as,

Nu = f,(Re, w) (25)
f = fu(Re, w) (26)

To acquire the necessary correlations, a non-linear regression analysis was conducted on computational data, following
the procedure of [61]. The following correlations for Nu and f were determined from the regression analysis:

Nu = 0.07473 X @~01097 x Re09343 @7
f =2.2901 x 004126 x Re 02727 o8

The comparisons of Nu and f obtained from the present numerical investigations and that predicted by the empirical
correlations above are shown in Figure 17 (a and b). All the predicted data points were found within + 2% for Nu and + 5%
for the friction factor range of the numerical values. In other words, within the specified parameter ranges, the suggested
correlations or models for predicting Nu and friction loss are dependable and accurate.
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Figure 17: Comparisons of the numerical and the predicted data for (a) Nu and (b) f

5. Conclusion

In this study, computational simulations were conducted using the commercially available ANSYS Fluent 2023 R1
software to analyze the flow and heat transfer characteristics in a Solar Air Heater (SAH) channel partially filled with copper
metal foam. Metal foam with high thermal conductivity was positioned on the absorber plate to improve heat transfer. The
investigation includes a detailed analysis of the effects of metal foam height, permeability, and Reynolds number on velocity
and temperature profiles, flow resistance coefficient (f), Nusselt number (Nu), and Thermo-hydraulic Performance Factor
(TPF). The preexisting experimental data were used to support the proposed investigation. The present numerical analysis
concludes with the following remarks:

1)  Integrating metal foam characterized by high thermal conductivity and porosity into the SAH duct results in more
even temperature distributions within the foam area. This leads to a reduction in the temperature of the absorber
plate and, consequently, a significant enhancement in heat transmission.

2)  With an increase in Reynolds number (Re), there is a proportional rise in velocity distribution throughout the
channel height, observed in both porous and non-porous regions. Nevertheless, as Re increases, the channel
discharge and absorber plate temperature decreases. This is attributed to the greater fluid flow through the foam
Zone.

3)  The Nusselt number (Nu) exhibits an increasing trend with the height of the metal foam substrate, as indicated
across the range of Reynolds numbers and pore densities examined. These enhancements are noted to be 4.4,
7.87,10.6, 13.17 and 18.04 times for Hr = 0.2,0.4,0.6, 0.8, and 1, respectively at w = 10PPI. Nevertheless, the
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4)

5)

deterioration of Nu is observed with an increase in pore density, where the Nu fell by 19.38% as the pore density
increased from 10 PPI to 40 PPI.
An increase in foam pore density and foam height leads to an increase in the friction factor. The friction factor
increased by 46% as the pore density increased from 10 PPI to 40 PPI. On the other hand, the friction factor
reduces as the Reynolds number increases. At Hr = 0.6 and w = 10PPI, the friction factor reduced by about
28.6% as Re number increased from 6000 to 16000.
When assessing the overall performance, the TPF takes a pressure-drop penalty and heat transmission
improvement into account. The highest thermal performance is achieved at Hr = 0.6. The Nu increases
approximately 9-10.6 times, while the f increases by 53.5-56.6 times, compared to the empty SAH duct. The
TPF ranges from 2.33 to 2.82 for H; = 0.6 and w = 10 PPI.
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