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ABSTRACT

Metal foam has recently been used in many engineering applications, such as solar
collectors, heat exchangers, and cooling of electronic devices, which calls for studying
different cases of using metal foam in these applications. The current study conducts a
numerical analysis of heat transfer and fluid flow characteristics for air in a rectangular
channel filled with high-porosity copper foam. The study examined the thermal performance
for two cases of gradient pore density, which are arranged as (10-20-40) PPl and (40-20-10)
PPI. These cases were compared with two other cases for constant pore density, 10 and 40
PPI, and empty cases. The ANSYS FLUENT 20.0 employed the Darcy-Forchheimer extended
Brickman model in the two-dimensional domain with the local thermal non-equilibrium
model (LTNE) for the energy equation to obtain the numerical simulation for this study. The
working parameters included air with Re from 200 to 2100 and applied heat flux from 450
to 6000 W/m?2. The results indicated that employing metal foam with a low pore density led
to a decrease in both the Nusselt number and pressure drop. Both gradient cases exhibited
Nusselt numbers and friction factors that fell within the range of the constant PPI cases, but
one of the gradient cases increased the performance factor by 10%. In general, the PPI
configuration of 10-20-40 exhibited a higher heat transfer coefficient in comparison to the
40-20-10 PPI arrangement with the same pressure drop.

Keywords: Convection, Gradient, Metal foam, Pore per inch, Rectangular.

1. INTRODUCTION

Several fundamental theories describe how to enhance heat transfer in internal flow. These
theories play a major role in industrial and technical applications, helping to save energy and
minimize expenses associated with construction and operation. Different methods, such as
the use of porous media, are employed. One of the porous media used is metal foam, which
can be made of different types of metals depending on their thermal conductivity, such as
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copper, aluminum, and nickel. The properties of metal foam include reducing the boundary
layer resistance, reducing the transition region between laminar and turbulent flow, and
increasing the contact area between the hot surface and working fluid, depending on the
number of pores per inch. One common strategy is to increase the surface area of the channel
wall (Xu et al., 2011; Akbar et al., 2024). Over the past 20 years, a variety of research
projects have shown an interest in cells of metal foam with high porosity because it has
special properties, such as having different pore densities and being lightweight (Kopanidis
et al,, 2010; Sener et al,, 2016; Ali and Rasheed, 2024). This technique provides a large
surface area with high thermal conductivity, but it needs more pumping power. Metal foam
has potential applications in filters, nuclear reactor cooling, chemical reactors, combustion
chambers, reformers, biomedical implants, compact heat sinks, and heat exchangers. (Qu et
al., 2012; Shokouhmand and Emami, 2012; Rasheed and Abood, 2017).

(Lu et al,, 2006) investigated experimentally and analytically forced convection heat
transfer properties in high porosity open-cell metal-foam-filled pipes. The main result
showed that the Nusselt number rises with an increase in pore density and a decrease in
metal foam porosity. (Amori and Laibi, 2011) investigated an electrical air heater with
different aluminum foam disc thicknesses experimentally and numerically. Their
experimental results showed that the Nusselt number approximately doubled when a 60
mm disc thickness was used instead of 20 mm. Numerically (Settar et al., 2015)
investigated the thermal performance of plate heat exchangers filled with metal foam. Their
results showed that the temperature profiles converge faster to the wall temperature as the
thermal conductivity ratio increases. (Bayomy et al., 2016) studied experimentally and
numerically the modification of cooling a computer processor by using aluminum foam.
Their results showed that the rate of heat transfer with aluminum foam rises with an
increase in Reynolds number, which is accomplished with a rise in pumping power due to
an increase in pressure drop across the aluminum foam.

An experimental investigation of forced convection in a channel with metal foam blocks was
conducted by (Nima and Hajeej, 2016). Their results showed that an increase in heat flux,
Reynolds number, and pore density led to an increase in the mean Nusselt number, which
improved by 80% in all cases with metal foam compared to the empty case. (Al-Athel, 2017)
Conducted a numerical investigation to study the impact of multi-metal foam fins on the
thermal resistance and efficiency of the heat sink. The efficiency improved with an increase
in the number and height of metal foam fins. Convective heat transfer was considered by
(Nazari and Toghraie, 2017) In a sinusoidal duct with a porous medium. They found that
an increase in the Reynolds number led to an increase in the Nusselt number and the
convection heat transfer coefficient.

(Baragh et al., 2018) Evaluated heat transfer enhancements in the circular channel filled
with porous media. Their findings indicated that circular-shaped porous regions
demonstrate turbulent flow conditions with excellent thermal performance. (Kotresha and
Gnanasekaran, 2019) evaluated numerically the convection heat transfer in a rectangular
channel occupied completely by aluminum foam. Many configurations were analyzed, and
they found that the filled channel with metal foam has a higher Nusselt number and friction
factor. Used FLUENT to simulate forced convection heat transfer through a porous graded
material with a specified number of PPL. They found that graded PPI reduced friction
compared to high-pore-density metal foam. (Zhong et al., 2020) examined numerically and
experimentally forced convection heat transfer on microchannel heat sinks with copper
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foam fins in various geometric forms, 110 PPI, and 95% porosity. They showed that the strip
metal foam bonded to the copper plate had the largest heat transfer impact.

In square ducts filled with porous material, (Bibin and Jayakumar, 2020)conducted a
study of the pressure drop and convective heat transfer. Their results indicate that porous
addition enhances the heat transfer, while the pressure drop is minimized with a reduction
in thickness. A computational analysis studied heat transfer and fluid dynamics in a
sinusoidal parallel-plate heat exchange system, including metal foam in diverging parts
(Arasteh et al., 2020). According to their results, the usage of metal foam resulted in a 19
percent rise in the rate of heat transfer and reduction of the thermal boundary layer. LTNE
and LTE were used by (Li et al., 2020) to find the difference in temperature between the
metal foam and the working fluid in a porous heat sink. The solid-fluid temperature
difference quadrupled at 15 PPI compared to 50 PPI. (Jasim et al., 2021) Numerically
investigated the thermophysical properties of metallic foam-wrapped array heat
exchangers. The result showed that the metal foam heat exchanger with 5PPI outperforms
20PPI because of an increase in pumping power with PPl increase.

(Hmad and Dukhan, 2021a) introduced a new design for fuel-cell stacks. They replaced the
fuel cells with aluminum plates and metal foam. They suggested that their new design can
be used in the cooling process for fuel-cell stacks because of its suitable pumping power.
(Banerjee and Paul, 2022) analyzed PPI impact on thermal activity in a porous conduit
with various porosities. They found that metal foam with a higher PPI at a given porosity has
a higher Nusselt number. (Narkhede and Gnanasekaran, 2024) studied pressure loss in a
rectangular channel filled partially with a metal foam block with varied blockage ratios (total
height to local height). They found that the pressure drop rises with a rise in PPI, blockage
ratio, and flow velocity.

From the literature above, it is clear that the heat transfer is enhanced with the use of metal
foam. However, this enhancement is accomplished with an increase in power consumption
as a result of an increase in pressure drop through this metal foam. In this study, convective
heat transfer in a rectangular channel that is filled with gradient PPI copper foam is achieved.
Two gradient arrangements are compared with two traditional cases to analyze the thermal
performance and pressure drop through them. This work aims to reduce the losses with the
gradient PPI and increase the heat transfer, then improve P.F. ANSYS FLUENT 20.0 program
is utilized to solve the governing equations to obtain the temperature distribution, friction
factor, Nusselt number, and performance factor. The model of (Nima and Hajeej, 2016) is
taken as a starting point for this study.

2. METHODS
2.1 Physical Model

The simplified schematic for this problem is a (250x100) mm? rectangular channel filled
with 97% porosity copper metal foam, as shown in Fig. 1. The bottom plate is subjected to a
fixed heat flux (450-6000) W/mz2. Table 1 lists the thermophysical properties of air and
copper at 34 °C. (Holman, 2002; Cengel and Ghajar, 2019).

131



M. H. Hasan and R. G. Saihood

Qulet

f"grévity-vz‘f :
=

Figure 1. A systematic physical model with one block of metal foam.

Table 1. Thermophysical properties for copper and air (Holman, 2002; Cengel and Ghajar,2019).

Material | Thermal Conductivity Specific Heat Density Viscosity
(W/m.K) (/kg.K) (kg/m?) (kg/m.s)
Copper 386 383.1 8954 ---
air 0.026 1006.03 1.167 1.5825x10-5

The copper foam filled the channel with four different arrangements. In cases A and B, the
channel is filled by one piece of 10 and 40 PPI, respectively. In cases C and D, the copper metal
foam in the rectangular channel is divided into three blocks, each block (83x100) mm, as
illustrated in Table 2. Case C has the order of PPI (40,20,10), in which the PPI is gradually
decreasing horizontally. In case D, the arrangement is gradually increasing in the pattern
(10,20,40) PPI, as shown in Fig. 2. The metal foam characteristics are listed in Table 3.

Table 2. Cases for study

No Name State
1 Empty case without metal foam
2 Case A (10) PPI
3 Case B (40) PPI
4 Case C (40-20-10) PPI
5 Case D (10-20-40) PPI
- 7L/37—|<~—L/377 >l<77~L/34—|
Inlet - ’ Qulet
p———— >
Inlet Qulet
p————— =

Figure 2. The copper foam block exhibits two different arrangements of pore density.
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Table 3. Copper foam characteristics.

Pore per inch Porosity | Permeability | Inertial loss coefficient Surface area
(PPI) € (%) K (m2) Cst(1/m) density as (1/m)
40 97 2.731x106 150.92 2838.58
20 97 1.092x10-5 75.46 1419.29
10 97 4.361x105 37.729 709.65

Inlet air flows through a channel with a velocity range from (0.048 to 0.5) m/s, which
represents (200-2100) Reynolds number at 34 °C, and the pressure at the outlet section was
set to the atmospheric pressure.

2.2 Assumptions

Several assumptions are given to simplify the difficulty of solving the governing equations

of heat transfer and fluid flow, including the continuity, momentum, and energy equations.

They are:

1. The flow is supposed to be two-dimensional, incompressible, laminar, fully developed, and
in a steady state.

2. The thermophysical properties of air are assumed to remain constant.

3. The copper foam is a porous medium that is isotropic and homogenous.

4. Heat generation, radiation, and viscous dissipation are negligible.

5. The Darcy-Forchheimer extended Brickman equations are employed with LTNE.

2.3 Governing Equation

For rectangular channels filled with copper metal foam, there is one set of differential
equations governing the fluid flow and heat transfer, or energy in the metallic foam. The
Forchheimer-extended Darcy model is suggested to describe the momentum equation, while
the two-equation non-equilibrium heat transfer model is used to describe the energy
equations for both the fluid and solid phases. (Yang et al., 2011; Gangapatnam etal., 2018;
Ke etal., 2023).

Continuity equation:
. ,0u av
Partial F + 3 = 0 (1)

Momentum equation:

dp , wo*u u PCF_ o _
ox  €9x? k vk u"=0 (2)
dp , uo%v pcr o
dy &dy? k v vk vi=0 (3)

Fluid energy equation:

8%T¢ 0T a(uTy)
Openf ., [ayzf + axzf] + hgs o(Ts — Tr) = pCp [Tf +

a(vTy)
o Q

Solid energy equation:
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6T5 6T5

kSe ay

5]+ hyy o(Ty —T,) =0 (5)

The thermal connection between the metal foam surface and the working fluid is important
in construction, with the governing equation. Fluid and solid effective thermophysical
properties and metal foam characteristics are estimated by the following equations. (Lu et
al,, 2006; Xu et al., 2015).

Interfacial heat transfer coefficient

( 0.76Re3'4p2-37ﬁ(1 < Rey < 40)
hss = 0.52Red5p237 i 7 (40 < Rey < 10°) (6)
0.26Red 6p2'37;f(103 < Rey < 2*10%)

Pore diameter

0.0254

dp =—_ (7)

Fiber diameter

dr = d,. 118f[1— exp ()| ' (8)

Permeability

_ (dp)?x(e)?
T 150%(1—£)2 (9)

Viscous resistance

a=l (10)
Inertial coefficient

= 3.2;18—35) (11)
Interfacial surface area
o =3mds [1 —exp ( )] / (0.59 dp)? (12)

The calculation of Re is dependent on the hydrodynamic diameter, density, dynamic
viscosity, and fluid velocity at the entrance. (Li et al., 2017).

Hydraulic diameter

_ (2wh)

T (wh) (13)

Mean diameter
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d=(1-exp (53))

Reynolds number

uD
Re = P¥2h
u

Reynolds number with a mean diameter

Red:_

Journal of Engineering, 2025, 31(6)

(14)

(15)

(16)

The integration of the bulk temperature (Tb) is taken into consideration:

L?Tudy
Ty =7
Jo uady

(17)

The local heat transfer coefficient at any x with flow direction is:

q”
Tw—

h(x) =

Tp

Average heat transfer coefficient
1 L
h=1] hedx

Average Nusselt number

hD
Nu = —%
K

Friction factor (Bagc and Dukhan, 2018)

f = 24PDn
prudL

(18)

(19)

(20)

(21)

Performance factor (Cekmer et al., 2012; Ali and Ghashim, 2023)

(Nu/Nue)
P.F.=Tt22
/1M

2.4 Boundary Condition

Velocity and temperature boundary conditions are:

Atinlet: u = us, v=0and Tr = Ty, %: 0
_ Aty _ o _du_ov_
At outlet: p = 0 and 656 === =
a= 2 s, =
Heated wall: ' = —kf y ks ay,u—v—O
. . 0Ty 9
Wallmsulatlon—f=ﬁ= ,u=v=0

dy ay
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3. THE NUMERICAL SOLUTION

The ANSYS FLUENT 20.0 program utilizes the LTNE model to obtain two-dimensional
numerical solutions for heat transfer and flow through porous channels. A Simple algorithm
is used to match the pressure with velocity through the flow, while the determination of
momentum and energy equations is done by applying the second-order upwind
computation scheme. User-defined function codes are applied to interpret the governing
equations of the interfacial heat transfer coefficient hsy.

3.1 Mesh Independence

The solution accuracy always depends on the size and type of the mesh. The grid sensitivity
is conducted to determine the optimum mesh size that produces stable results for the
current model. Many computational grids are tested to choose the suitable mesh elements,
as shown in Table 4. Based on the number of elements, Fig. 3 illustrates the variety of
average heat transfer coefficients for Case D at Re=1600 and q" = 6000W/m?2. The grid size
for (1185159 elements) is chosen as the optimum size for all cases.

Table 4. Grid independent study for (10-20-40) PPI metallic foam, €=0.97 at Re=2100 with heat
flux=3000 W/m2.

M, M, M3 M, M5 Ms
Element size 0.00025 0.0002 0.00015 0.000145 0.00014 0.000135
Number of 399603 623687 1107488 1185159 1269838 1365811
Elements
Tave (x) 342.493 342.106 341.563 341.5 341.44 341.378
AP 41.56 41.575 41.588 41.591 41.594 41.597
Deviation | Tave -- 0.112995 | 0.158722 | 0.018444 | 0.017569 | 0.018158
(%) AP -- 0.036079 | 0.031259 | 0.007213 | 0.007212 | 0.007212

420 —
E
%— 360 -
400‘000 600'000 800]000 |00$000 120(‘.‘000 140(‘)000 !606000

Figure 3. Average heat transfer coefficient via several elements.

Number of Element

136




M. H. Hasan and R. G. Saihood Journal of Engineering, 2025, 31(6)

0.000 0.050 0.100 (m)
- - 1]

0.025 0.075

Figure 4. Mesh generation of metal foam.
3.2 Verification

The present model is used to solve the problem of (Hmad and Dukhan, 2021b) To show its
validity. A simulation is conducted for 40 PPI and heat flux 1.5 W/cm? with velocity from
0.25 to 3 m/s. Fig. 5 shows the deviation of the obtained values of the heat transfer
coefficient (Hmad and Dukhan, 2021b). The deviation between the results is less than 1
%. This indicates that the model is valid and can be used to obtain more results for thermal

performance and pressure drop.
350

= £=90%

— = £=60% X
&
=5 300 A x
§ x
= 250 L3
% ¥
&
© 200 - ¥
= ¥
QD
T 150 4
Q
[=))
.
[

100 +
z o B = B

- h o
x
50 T T T " T T
0 1 2 3

velocity [m/s]

Figure 5. The present study verification with (Hmad and Dukhan, 2021b) Attwo
porosities (90% and 60%) and constant heat flux (1.5 W/cm?), and with velocity from 0.25
to 3 m/s.

4. RESULTS AND DISCUSSION

4.1 Temperature Distribution

Fig. 6 shows the impact of Re on the wall temperature distribution at q'' = (3000W/m?2) for
both case C and D. For case C, the wall temperature increases gradually with flow direction
as the thermal boundary layer grows. For case D, the general behavior is that the
temperature rises along each section. However, it drops at the inlet of the second and third
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sections. This is due to the pore density’s arrangement (a gradual increase from 10 to 40
PPI) in these sections, which decreases the thermal boundary layer thickness.

In both cases, increasing the Re drops the wall temperature at each location in the channel
at one heat flux. As the Re increases, the thermal boundary layer drops along the heated wall
at each location.

The temperature of the wall rises at each location as the heat flux increases because the
buoyancy effect also rises, which leads to a faster rise in the thermal boundary layer
thickness along the flow direction, as shown in Fig. 7. Both cases C and D behave similarly
when the heat flux increases. However, case D has a lower wall temperature due to a better
pore density arrangement, which causes a better heat transfer from the heated surface to
the working fluid.

420
Re=200 400 Re=200

Re=1100 Re=1100
Re=2100| ‘ Re=2100
380

400

380 -
360

360 -

1x)n)

T(x) (K)

340 A
340 +

320 320 A

300

300

T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25

0.60 0.65 0.’10 0.‘15 0.‘20 0.‘25
X (m) x (m)
(a) (b)

Figure 6. The local wall Temperature variation with Reynolds number at q"* =3000
(W/m2) and (a) case C (40-20-10) PPI and (b) case D (10-20-40) PPI.

4.2 Local Heat Transfer Coefficient

Fig. 8 shows the impact of Re on the local heat transfer coefficient at q"' =(3000W/m2). It is
clear that for a certain value of Re and q, the local heat transfer coefficient along the
rectangular channel decreases gradually along the channel. This decrease is caused by the
pore density’s arrangement along the channel, which leads to a decrease in air mixing and
an increase in thermal boundary layer resistance.

390 4 q" =450 —— q" =450
) q"” =3000 3704 q” =3000
—— q" =6000
360
< 350
=) =
=
= <
> S 340 4
[ B
330
320
310 o - _ ——— ‘ 310
T T T T T T v v = T T & v =
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
x (m) x (m)
(a) (b)

Figure 7. The local wall Temperature variation with heat flux at Re =1100 for (a) case C
(40-20-10) PPI and (b) case D (10-20-40) PPI.
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However, for case D, the local heat transfer coefficient along the rectangular channel
decreases gradually in the first section only. Then, it continues to rise in the remaining
sections as the wall temperature decreases in these sections.

At the same time, the increase in the Reynolds number leads to a decrease in the resistance
of the thermal boundary layer. This is due to the dominance of the incoming cold fluid,
resulting in greater mixing currents and higher values of the local heat transfer coefficient.
This effect is particularly pronounced in the first section, which is the closest to the inlet for
both cases.

Re=200 Re=200
1400/ 1400 - Re=1100
Re=2100
1200 1200 4
& 1000 =
= 22 1000 A
£ E
3 800 3 800
= =
=
X, 600 3 600
= =
400 + 400
200 | 200 R ——
0 : ; . T T - 0 . . . . . .
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
x (m) x (m)
(a) (b)

Figure 8. The variation of local heat transfer coefficient with Reynolds number at q"'
=3000 (W/m?) and (a) case C (40-20-10) PPI and (b) case D (10-20-40) PPL

Fig. 9 shows that the heat transfer coefficient at the inlet is very high and it decreases rapidly
with the flow direction through the first quarter. Then, it decreases gradually towards the
outlet in case C, while it increases gradually in case D. This behavior is a result of the PPI
gradient. In case C, the flow begins with high resistance, which leads to a reduction in the
flow momentum and increases the local temperature. In case D, the PPI is graduated from
low to high PPI, which allows more air to flow adjacent to the wall and reduces the local
temperature. Also, Fig. 9 shows the impact of heat flux on the local heat transfer coefficient
at Re =1100. As the heat flux rises, the local heat transfer coefficient remains constant.

: q" =450 Q"' =450
1200 4 q"" =3000 [’ = 3000
—q"' = 6000 1200 + q" = 6000
1000 -
— 1000
& [~
~ 800 ~
E £  800-
= =
= 600 =
= — 600 -
= =
=
400 ~ 400 4
200 + 200
0 T T T T T T 0 T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
x (m) x (m)
(a) (b)

Figure 9. The variation of local heat transfer coefficient with heat flux at Re=1100
(a) case C (40-20-10) PPI, (b) case D (10-20-40) PPI.
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It may be credited that for larger heat flux, the buoyancy currents grow, and the thermal
boundary layer grows more quickly. This led to a fixed temperature difference between the
bulk temperature of the working fluid and the temperature of the heated wall at each
location in the flow direction.

4.3 Average Nusselt Number

Fig. 10 presents the impact of Re on the average Nusselt number for all cases at a heat flux
of 3000 W/m?2. The Nusselt number improves with an increase in Re for all cases because of
an increase in flow momentum. Adding metal foam led to the enhancement of the heat
transfer process; therefore, the Nusselt number also increased. This enhancement in heat
transfer increases with an increase in the pore density of the metal foam, leading to an
expansion in the surface area of heat transfer. For Case B, the average Nusselt number
increases by 87.28% and 18.5%, 12.9%, and 5.5% compared with the empty case, cases A,
C, and D, respectively, at Re=2100. Case D exhibits a higher average Nusselt number than
Case C, which can be attributed to an arrangement in pore density that enhances the
breaking of the thermal boundary layer. The increase is 8% compared to case C.

The four tables of case B return to the higher turbulence and strong mixing through the metal
foam, which causes a greater reduction in the boundary layer resistance. This decreases the
temperature difference between the hot surface and the airflow and increases the local heat
transfer coefficient. Table 5. shows the Nusselt number variation with the Reynolds number
for all cases with constant heat flux.

Table 5. The average Nusselt number with variation in the Reynolds number (2100 to 200) and
constant heat flux (3000 W/m?2).

Reynolds Nu
number Empty case Case A Case B Case C Case D
200 50.5 505.1 583.6 5355 623.7
600 78.1 661.8 821.9 690.1 789.4
1100 101.8 758.6 931.8 798.0 889.7
1600 120.1 820.5 1006.1 871.6 953.9
2100 135.7 865.9 1062.1 9259 1001.5
Empty Case
1000 - Case A
Case B
5
E  800-
=
—é’ 600 -
—1
=
& 400
=
<
200 -
0 Ll I T L]
0 500 1000 1500 2000

Re

Figure 10. Average Nusselt number variation with Reynolds number (200 to 2100) at q”
=3000(W/m?2).
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4.4 Pressure Drop

Fig. 11 illustrates the variation of pressure drop with Re for all cases at q"' =3000 (W/m?2). It
turns out that cases D and C have the same pressure drop for all values of Re because the
structure has equal hydraulic properties of the metal foam in cases C and D, resulting in equal
pressure drop in both cases. A high flow obstruction occurs when the flow passes through
metal foam, and this resistance increases more with PPI increase. In the case of B, there is a
significant increase in the pressure drop compared to other cases, namely by approximately
95.7%, 10.9%, and 19.92% compared with the empty case, case D, and case A, respectively.
Table 6. shows the pressure drop variation with Reynolds number for all cases with constant
heat flux.

Table 6. The pressure drops with variation in the Reynolds number (2100 to 200) and constant

heat flux (3000 W/m?2).
Reynolds Pressure drop
number Empty case Case A Case B Case C Case D
200 4 14 25.2 18.5 18.5
600 8 52 67.2 57.6 57.6
1100 12 104 136 109.6 109.6
1600 16 156 196 171.0 171.0
2100 20 208 252 228.0 228.0
—— Empty Case
250 Case A
Case B
) Case C
<. 200+ -Case D
£
j=b
£ 1504
a
=
=
@ 100
[
&
50
0 ¥ T d T g T = T
0 500 1000 1500 2000

Re
Figure 11. Pressure drops vary with Reynolds (200 to 2100) at g =3000 (W/m?2).

4.5 Friction Factor

Fig. 12 illustrates the variety of friction factors with Re for all four cases. It is imperative to
note that the friction factor drops with Re rise. The increase in pore density increases the
friction factor because when the pores per inch in the metal foam are increased, it leads to
highly turbulent fluid, and this increase in pore density increases the shear stress because of
an increase in the number of pores which means increase in contact area between the solid
and air. Case B shows a higher friction factor than cases A, C, and D, with values equal to
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which should be 68.38%, 9.5%, and 17.5%, greater than in the empty case, cases D and A,
respectively. Table 7. shows the friction factor variation with Reynolds number for all cases
with constant heat flux.

Table 7. The friction factor with variation in the Reynolds number (2100 to 200) and constant heat

flux (3000 W/m?2).
Reynolds Friction factor
number Empty case Case A Case B Case C CaseD
200 202.6 709.1 1276.4 938.2 938.2
600 44.8 291.5 376.7 323.2 323.2
1100 20.1 174.2 227.8 183.8 183.8
1600 12.6 123.4 155.1 135.3 135.3
2100 9.1 95.5 115.7 104.6 104.6
1 Empty Case
1200 Case A
1 Case B
1000 4 Case C
£ -Case D
5 ]
S 800 -
LL' -4
=
2 6004
e 400 \
0 -
0 500 1000 1500 2000

Re

Figure 12. Friction factor variation with Reynolds number (200 to 2100) at q'" =3000
(W/m?2).
4.6 Performance Factor

Fig. 13 shows the impact of varying Reynolds numbers on performance factors for all four
cases at 3000 W/m2. With each rise in the Reynolds number, the thermal performance factor
decreases considerably. For all cases, the performance factor drops with Re decrease, which
means the percentage increase in friction is more than the heat gain ratio. Case D
demonstrates the highest performance factor in the rectangular channel when compared to
other cases with constant porosity. This is due to a larger percentage increase in the ratio
between the Nusselt number with metal foam and without metal foam, compared with the
ratio between the friction factor with and without metal foam. This behavior is caused by
the friction factor in case D being lower than in case B, and the heat transfer in case D being
higher than in case A. Moreover, the Nusselt number in case D is slightly higher than that in
case C, and the friction factor is equal in both cases. But the friction factor gradient in case D
is less steep than in case C, and because of this small slope, the fluid flows in case D with less
resistance than in case C.
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Figure 13. Performance factor variation with Reynolds number (200 to 2100) at q"" =3000
(W/m2).

5. CONCLUSIONS

ANSYS FLUENT 20.0 was applied to achieve a two-dimensional numerical simulation for
convective heat transfer in a porous rectangular channel with gradient PPI. The present
investigation has yielded the following significant findings:

1- Adjacent to the Re increase, the local heat transfer coefficient and Nu increase. In
contrast, the heat flux has a slight effect.

2- Both the gradient cases (C and D) have pressure drop and heat transfer coefficients
between cases A and B, however, case D has a higher heat transfer coefficient compared
to Case C with the same pressure drop.

3- It can be said that Case D is the best case since it has a P.F. with 10% greater than that in
Case B.

The obtained results justify expanding future studies to study different channel shapes or
the use of metal foam from other metals, such as aluminum, nickel, or other metal foam
formations. This is important in engineering applications to obtain an ideal, highly efficient
design with lower production costs.

NOMENCLATURE
Symbol | Description Symbol | Description
Crp Viscous resistance, 1/m PF Performance factor
Cp Specific heat, ] /kg. K q"’ Heat flux, W/m?
Dy Hydraulic diameter, m Re Reynolds number
ds Fiber diameter, m T Temperature, °C
dy Mean diameter, m u Velocity component in x-direction, m/s
d, Pore diameter, m \4 Velocity component in y-direction, m/s
f Friction factor x length, m
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hx Heat transfer coefficient, W/m2.°C ks Fluid thermal conductivity
hg £ Lr\;t/i;ffilcal heat transfer coefficient, kfe Fluid effective thermal conductivity
H Duct height, m ks Solid thermal conductivity
k Thermal conductivity, W/m. K Kse Solid effective thermal conductivity
K Permeability, m2 g Specific surface area, 1/m
L Duct length, m a Inertia resistance
LTE local thermal equilibrium A Drop
LTNE | local thermal nonequilibrium 0 Differential
Nu Nusselt number £ Porosity
Nu, Nusselt number of empty cases U Fluid dynamic viscosity, N/s.m?
P Pressure, pa o) Density, kg/m3
PPI Pore per inch
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