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Abstract- Research on the enhancement of heat dissipation in heat exchangers using metallic foam still attracts the interest of
the researchers’ community. In the present study, the thermal performance of a double-pipe heat exchanger (DPHX) with a
copper foam (CF) baffle inside is investigated numerically. Water is utilized as operating fluid in both pipes with parallel flow.
Numerical simulation includes building the geometry to the heat exchanger and proposing the suitable dimensions, and open cell
copper foam properties such as the pore density (PPI). This simulation examines the effect of metallic foam with porosity (0.9)
on the heat exchanger performance. This is conducted by comparing different configurations of foam baffles inside the heat
exchanger pipe. This includes a filled pipe heat exchanger with copper foam (HXFF) and partially baffles cases. In the partially
filled cases, nine foam rings were proposed to be inserted inside the heat exchanger outer pipe. These rings are represented in
different configurations including complete disks and rings with removed sectors of angle () oppositely. The angle () has two
values 90° and 180°, the effect of pore density is also investigated by changing its value from 10 to SOPPI. The results explained
that the heat transfer rate (Qave) and Nusselt number (Nuave) increase with increasing PPI and decrease of angle . Enhancement
in (Qave) and (Nuave) was (45%) and (146%) respectively in a heat exchanger at () (180°) with (40PPI). Similarly, the pressure
drop (Ap) and the friction factor follow the same behavior, and the study included a comparison of the heat exchanger in the best
configuration with (HXFF) and the heat exchanger without copper foam (HXOF).

Keywords Heat transfer enhancement, metal foam, performance evaluate criteria (PEC).

Nomenclature
A, Cross section area of annular gap (m2) Nug | Nusselt number without metal foam
(smooth)
A;, A, | Inner and outer Surface area of inner pipe (m2) P. Pyrantel Number
d;,d, | Inner and outer diameter of inner pipe (m) p Wetted perimeter (m)
D;,D, | Inner and outer diameter of outer pipe (m) R, Renault Number
D, Darcy Number T¢, T, | Temperature of fluid and the solid
matrix (°K)
d p Fiber diameter (mm) Greek Symbols
d, Pore diameter (mm) p Density (kg/m3)
F Inertial coefficient of metal foam u Viscosity (N.S/m2)
kee Effective thermal conductivity of fluid (W/m .k) € Porosity of the porous medium
fur Friction factor with metal foam Ap Pressure drop across the heat
exchanger (Pa)
f. Friction factor without metal foam (smooth) Subscript
kse Effective thermal conductivity of solid (W/m .k) i,0 ‘ Inlet and outlet
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(W/m k)

k, Effective thermal conductivity in metal foam

Hot and cold

k Permeability of the porous medium (m)

ave Average

K Thermal conductivity (W/m .k)

S Surface

Nuyr | Nusselt number with metal foam

1. Introduction

According to the literature, using porous materials is
considered one of the most important techniques for
improving heat transfer in heat exchangers. Metal foams (MF)
are one kind of porous material used in different heat
exchangers including heat sinks as in [1-3]. As well as used in
Electronics Cooling as in [4].

Chumpia & Hooman's 2014 [5], studied five sets of
aluminum foam-wrapped tube heat exchangers MF with pore
density (20PPI) and porosity (€) (0.901, 0.937) of varying
thicknesses (5—20mm). Four tubes from aluminum and one
from stainless steel. The results explained that the increased
thickness of foam causes increasing the overall thermal
resistance leading to decreasing the thermal efficiency and
increasing the pressure drop. An experimental study was
conducted by Arbak et al. 2017 [6], using 18 discs of open-
cell aluminum foam with a thickness of 18.2mm and a
porosity of 88.5% brazed to the inner surface of an aluminum
pipe. where compared to a previous investigation using 20PPI.
It was found that the maximum heat transfer is carried out at
40PPI while the lowest heat transfer is achieved at 20PPI. A
micro-channel is the subject of numerical research by Alibeigi
& Farahani, 2020 [7], that involves injecting fluid through its
lower wall. The results explained that the heat transfer
increases with the increased thickness of the porous medium
layer.

Hamzah & Nima, 2020 [8], examined experimentally the
air flow through copper metal foam fins of 40PPI oriented at
a 30° angle with the flow direction in a double-pipe heat
exchanger. They claimed that a MF increased the pressure
drop slightly. Arasteh, Salimpour, and Tavakoli 2020 [9],
conducted a numerical analysis of the best distribution to a
fixed volume of a MF partially positioned in both pipes of a
double-pipe heat exchanger. Results showed that partially
filled with evenly distributed partitioned MF improves greater
value of heat transfer rate than completely filled. In Maid,
Hilal, and Lafta 2020 [10] study, heat transfer in a double-pipe
heat exchanger with and without porous material was
numerically analyzed. Alumina beads are placed into the
tubes' interior, exterior, and both. In comparison to the
situation without the metal pad, the findings showed the
greatest value of the effectiveness had porous media in both
tubes, larger pressure drops, and a higher Nusselt number.
Chen et al. 2020 [11], examine numerically the thermal
performance of a double-pipe heat exchanger filled with a MF
that has a porosity (€) of 0.8-0.95 and a pore density (5-
30PPI). They claimed that low porosity and high pore density
result in an increase in effectiveness and pressure decreases.
Experimental testing was conducted by Farhan, Fadhil, and
Ahmed 2021 [12], which evaluated the performance of a
double-pipe heat exchanger with copper metal foam (15PPI)
and porosity (0.95), partially/periodically filled between the

two pipes. The outcomes demonstrated that the usage of a MF
increased the convection heat transfer coefficient. Alhusseny,
Turan, and Nasser's, 2017 study [13], utilized porous material
in the form of isotropic, homogeneous metal foam with a
porosity (> 0.89) in a double-pipe heat exchanger. Utilizing
both active and passive methods, they found that efficiency
improved, and pumping energy was conserved as compared to
heat exchangers that were filled.

The overall heat transfer rate and the pressure drop
through a shell-tube heat exchanger with six porous baffles are
investigated numerically by Pourrahmani, and M. H.
Mohammadi, 2020 [14]. Three measurements were made for
the baffle cut (25, 35, and 50 percent), permeability (10, 9, 12,
and 15 m2), and porosity (0.2, 0.5, and 0.8). The findings
indicated that a modest percentage baffle cut (25%) might
enhance heat transmission while minimizing pressure loss.
Naqvi & Wang, 2021 [15], estimated and evaluated using
three different types of shell-tube heat exchangers with
helical, segmental, as well as clamping baffles under the
change of porosity and radius. They claimed that the shell
must be filled partially with porous materials rather than
filling it.

To the best of the authors' abilities, the research offers a
thorough examination of the usage of partially filled annuli,
something that most earlier literature did not do, especially
when it came to the use of cut-out baffles. The study examines
the effects of using different baffle designs on the thermal and
hydraulic performance of double-pipe heat exchangers and
selected open cell copper foam to make that due to the better
type in heat dissipated as Borakhade and Mahalle, 2018 [16].
In contrast to previous research, this study examined
additional parameters such as the shape and characteristics of
copper foam baffles, wherein the baffle angle varied as p =
(0°,90°, and 180°), the pore density varied as (10-50PPI), as
well as to varies the flow rate (2, 3, 4, 5, 6 lpm) to compare
the heat exchangers with and without metal foam.

The remaining sections of the current study include
starting with the problem formulation, then a description of
the model design and simulation method in the metals and
methods section. After that, the results were presented and
discussed, and the last section was the conclusions.

2. Problem Formulation

Figure 1, depicts the geometry of the problem under
consideration. a DPHX has an Inner copper pipe and an
Isolated outer Stainless steel pipe have corresponding
diameters of 2cm and 6¢cm and a length of 60.96cm. due to the
lightweight and large surface area of copper foam, therefore it
is used. Nine pieces of CF with 10mm thickness are placed as
baffles with spaced evenly apart across the annular region.
These baffles are set up using cut triangular pieces with

462



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

Z.S. Faal et al., Vol.15, No.3, September, 2025

different baffle angles (B) (0°, 90°, and 180°) oppositely to
give three heat exchangers (HXB0, HXB90, and HXB180)
respectively. The full ring has a baffle angle of (0°), this
design leads to increased mixing and turbulent fluid. the flow
is assumed as parallel flow with flow rate (2-6 lpm), steady
state, turbulent, three-dimensional with water temperature at
Outer pipe (30°C) for Cold water inlet (T.;) and (75°C) for
Hot water inlet (Th;) at Inner Pipe inlet. Metal foam has a
porosity of (0.9), homogenous, isotropic, open cell, and its
pore density ranges from 10 to SOPPI. For fluid and metal
foam, the governing equations (1) - (7) are:

Mass conservation law [17].

dVx  IVy  OVz _
ox ady az 0 (1)

Momentums equation according to Navier-Stokes and
Newton's second law equations [18]:

In X-direction

1, v av av ap . 1 [2Vy  a2Vy
S22+, _X v, Dy _ 9 (
sz( X + +Va dz dx  eRe \ dx2 dy?
azvx) 1

-—Vi- V \' 2
dz2 ) DaRe * Da ] | @)

In Y-direction

av av. av. 2%V a%v.
SORSEHV I+ VS =y (T T

% 9z a gRe \ 9x2 dy?

92V 1

Y
622) DaRe V. mv |V| (3)

In Z-direction
av, av, ap 1 3%V, 3%V,

1 V TACACRIIR A AN _(

( + y6y+ Z 9z az+eRe ax? 6y2+

1 F

V|7 )

anz
) Vz - z
az? Da Re VDa

Energy equation of the fluid in the porous medium (LTNE) is:

Ty Ty an (1+kf) (aZTf asz)
(anx+vy +V )_PrRe 6y2+622 +

hgrag
- s—Tf) (5)

Ky Pr Re
Energy equation of the solid matrix (LTNE):

82Ts | 92T
Jy2 dz2
Energy equation for an incompressible fluid (without foam):

0=

+ L (T, (6)

(W.V)T = aV. (VT) (7)

Baffle angle Mei
T

Insulated outer wall B
stainless steel Pipe

\
\

Inner copper pipe Copper foam baffles

Baffle angle
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Fig. 1. Geometry of double pipe heat exchanger.

3. Materials and Methods

3.1. Numerical Calculations

By using a finite volume method to calculate heat transfer
rates in steady state, three dimensions, and turbulent flow in
complex geometric designs, CFD ANSYS FLUENT is
suitable for that. The model-building functionality was given
by Solidworks2022, while the mesh and relevant boundary
conditions as well as the simulation of the current case's
governing equations were provided by ANSYS 2020 R2.

3.1.1. Meshing Geometry

To choose the best mesh, a grid-independent test was
conducted and the optimum number of elements was
4,600,000 elements. an acceptable mesh is used, Tetrahedron,
Hexahedron, and inflation mesh technology. When comparing
solutions by average Nusselt number for different mesh
models, the resolution and accuracy must be taken into
consideration as shown in Figure 2.

(a) Grid generated for present model.

40

38 g ew
o
-
36
@ /
& / Elements Nu-ave _|error%
= 34| / TeeB04T 287915
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32 | 3875999 37.9241| 3.42701
};'. 4631734 37.9781| 0.14252
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Elements Numbers

{b)
(b) Mesh independency.

5000000

Fig. 2. Meshing the geometry.

3.1.2. Setting Boundary Conditions

For a MF, a local thermal non-equilibrium (LTNE) model
was taken into account. Water was employed as the working
fluid. The momentum equation in a MF is explained by the
Bringman-Forchheimer Darcy model, and the boundary
conditions are explained in Table 1. Thus, The velocities
coefficients represented by viscous resistance, which is the
inverse of permeability, and the inertial loss coefficient must
be defined and the interfacial surface (asf) area which
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calculates in equations (8) - (12) and interfacial heat transfer
coefficient (ksr) was specified from User Define File (UDF)
as a variable function with velocity [19], where: (ANSYS
FLUENT User's Guide).

d —1.11
k = 0.00073 dp?(1 — £)~0??* [d_fl
r

®
d.17136
F = 0.00212 (1 — &) 0132 ld—f]
P €))
asr = le [1 - g*(l E)/o.m]
(0.59d,)
(10)
. : 1
Viscous resistance = —
k (11)
2F
Inertial resistance = =2
(12)
Table 1. The boundary conditions
Zone Type Momentum B.C. Thermal
B.C
cold- | mass- - Gage Pressure=0 Pa. | Temperature
inlet | flow- - Reference: Absolute
inlet - Method: Normal to
Boundary
hot- mass- - Gage Pressure=0 Pa. | Temperature
inlet | flow- - Reference: Absolute
inlet - Method: Normal to
Boundary
cold- | outflow | - -
outlet
hot-
outlet
wall- | wall Stationary, No slip Insulated
outer- No heat flux
pipe
wall- | wall Stationary, No slip via system
inner- coupling
pipe

3.2. Mathematical Calculations

To complete the mathematical representation of the
physical problem some the partial differential equations (13) -
(27) must be solved.

3.2.1. Calculations of Thermal Performance
The heat transfer rate calculations are calculated as
following procedure [20]:

Hot water heat transfer (Qg)is:

Q= (mcp)h(rh,i ~ o) W) (13)

Cold water heat transfer (Q.) is:

Qc = (mcp)C(Tc,o - Tc,i) (W)

(14)
The average heat transfer rate (Quve) is:
Qh + Qz:
Qave = W
> W) (15)
The maximum heat transfer (Quay) 1S :
Qmax = (mC ) (Th,i - Tc,i) (W)
o (16)
The effectiveness (E) of the double-pipe heat exchanger is :
E — QQave
max (l 7)

The convection heat transfer coefficient (/4;) between the hot
water and the inner surface of the copper pipe:

Qa ve

h- —
' Ai(Th,ave - Ts,ave)

(W/m2.°C)
(18)

The log mean temperature difference (A7) for parallel flow
is:

(Th.i - Tc.i) - (Th.o - Tc.o)
ATy = °C
W Iy~ T (o —To)] O (19)
The overall heat transfer coefficient (U;) is:
Qave 2
= W/m?.°C
A; ATy w/ ) (20)

The outer convection heat transfer coefficient of cold water
(ho) is:

h, = ! W/m?.°C
o= : (d_o ) (W/m*.°C)
P S S Y
U4 ~ "4 T ZnRL) o1
The hydraulic diameter (Dy):
4A, T
Dy = Ac = QD —dd)
p , 4 (22)
p M _x@OI-d)
h = P B TL'DL' + T[do s ° (m) (23)
Where p: Wetted perimeter (m)
The average Nussle number (Nuay.) annular pipe is :
h,D,
Nug,, = Zo~h
Ky (24)

3.2.2. Calculations of Hydraulic Performance

The velocity (u) was estimated using the following
equation [8]:

4V

ror-dapy Y

14
u=—=
4 (25)
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The friction factor (f) to stream at annular pipe is:

Dy
_ AP
pu?

2 (26)
Where AP : Pressure drop (pa)
3.2.3. Calculations of Performance Evaluate Criteria (PEC)

A (PEC) of the double-pipe heat exchanger is:

NuMF

PEC = %
s

27

4. Results and Discussions

4.1. Validation

In order to determine the accuracy of the simulation
software (Ansys2020 R2), it is necessary to validate the
experimental model for a smooth double pipe heat exchanger
before taking its dimensions to create a 3D drawing of the
double-pipe heat exchanger by adding a MF that is utilized in
the current study, E. Ebieto, R. Ana, E. Nyong, and G.
Saturday, 2020 [21], was chosen to this validation, water flow
rate (2, 3, and 4 Ipm) in parallel and the temperature was
changed over the heat exchanger, and as it was a laboratory
model for university students as explained in Figure 3, the
resulting deviations were (2.3%, 2%, and 1.8%).

80 T T
— _
S A
70 v 4
60 #— Cold Fluid Ebieto et al., 2020 -
—_ ® Cold Fluid Current Study
9 4 Hot Fluid Ebieto et al., 2020
= 50 ¥ Hot Fluid Current Study
40 + -
— —— - —1
30 m— T B
T T
1 2
)

(a) Flow rate 2 Ipm.

4.2. Numerical Results

Results are obtained and illustrated for the effect of pore
density (PPI) and baffle angle () on the heat exchanger
thermal performance at flow rate (2 Ipm). The results include
heat transfer rate (Qav), Nusselt number (Nuae), and the
effectiveness (E). In addition, the hydraulic performance
results in terms of the friction factor (f) and pressure drop (Ap)
are also obtained. All the results above as well as the
performance evaluate criteria (PEC) are shown for four heat

exchangers with copper foam namely (HXFF,
HXB90, and HXB180).

HXBO,

80 T T T
T —— —
70 ]
i
60 |- = Cold Fluid Ebieto et al., 2020 E
—_ ® Cold Fluid Current Study
9 4 Hot Fluid Ebieto et al., 2020 1
= ¥ Hot Fluid Current Study
50 |- E
40 |- E
F B-— E
T T
1 2
)
(b) Flow rate 3 Ipm.
80 T T
*— T B =
70+ T
60 #— Cold Fluid Ebieto et al., 2020 g
. ® Cold Fluid Current Study
S.J 4 Hot Fluid Ebieto et al., 2020
= ¥ Hot Fluid Current Study
50 |- E
40 5
30F &=—— 4
T T
1 2
(-)

(c) Flow rate 4 1pm.
Fig. 3. Validation of Ebieto et al. 2020 [21].

4.2.1. Thermal Performance

Figure 4, depicts the effect of changing the PPI on the heat
transfer rate (Qae), Nusselt number (Nuae), and the
effectiveness (E). In this figure, the PPI changes from 10 to 50
with 10 step increment. It is clearly seen from Figure 3a. that
the (Qaw) increases with the increase of PPI in general.
However, the (Qav) remains relatively stable when the PPI is
40 and above. A similar behavior can be noticed for the (Nuaye
and E)as in Figures 3b and 3c. The enhancement in (Qae,
Nuave, and E) with the increase of PPI can be attributed to the
increase of a MF surface area with increasing in porous
density. The influence of copper foam volume by change ()
is also illustrated in the same figure, the parameters (Qae,
Nua. and E) decrease with an increases (), because decreased
surface area of (CF). this decrease was gradually due to more
mixing and turbulent flow grown with increase () which
decreases the boundary layers.
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(a) Effect pore density and baffles angle on heat transfer.
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(b) Effect pore density and baffles angle on Nusselt number.
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(c) Effect pore density and baffles angle on effectiveness.

Fig. 4. Effect of parameters (PP, ) on thermal performance.

4.2.2. Hydraulic Performance

Figure 5, depicts the effect of changing PPI and baffles
angle (B) on the hydraulic performance in terms of the pressure
drop (Ap) and the friction factor (f) for all the heat exchanger

models. The pressure drop becomes greater with the PPI
growth. Similarly, the friction factor also increases when the
PPI increases. In addition, it can be seen that the influence of
PPI is significant in the case of HXFF and HXBO0 models. This
can be attributed to the restriction of water flow due to the
obstruction made by foam materials.

3000 . r : - T
2750 4 m HXFF » -
] ®  HXBO
2500 4 A HXBSO - R i . A _
50 ] Y HXB180 ]
2000 ’ 4
] i
= 1750 - 4 4
= 1
5 1500 g
< 1250 1 ]
1000 M ]
750 4 . ]
4 ’.'
500 ® n
250 - o b .
0 1 e — ’ — & %7 ﬁ#
T T T T T
0 10 20 30 40 50 60
(PPI)

(a) Effect pore density and baffles angle on Pressure drop.

1600 T T T T 4 T T T

—m— HXFF ; J
® HXBO
A HXB90
v HXB180 b

1400
1200
1000 o -

& 800 ]

600 ‘. .
400 - ol -

.
200 4 < : .

L ]
L ]
0 ——% ¢ ¢
0 10 20 30 40 50 60
(PPI)

—h
T

(b) Effect pore density and baffles angle on friction factor.

Fig. 5. Effect of parameters (PPI, ) on hydraulic
performance.

4.2.3. Performance Evaluate Criteria (PEC)

As it was shown in the previous section the increase in
PPI increases the thermal performance of the heat exchanger
while it increases the (Ap) and (f). Thus, the overall influence
of the heat exchanger performance can be made by computing
the performance evaluation criteria (PEC) for all the heat
exchanger models and under the variation of PPI. Figure 6,
shows that the PEC of HXFF and HXBO0 models dramatically
decreases when Pore density becomes greater. On the other
hand, the PEC of HXB90 and HXB180 models significantly
increases with the increase of PPI. This indicates that PEC can
be improved by reducing volume and raising Pore density.
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064 & HXBOO SR S SR - o
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(PP1)

Fig. 6. Effect of parameters (PPI, B) on performance evaluate
criteria (PEC).

4.3. Comparison of Contours Shapes

Comparisons were made between the performance
evaluation criteria (PEC) of three different types of heat
exchangers: HXOF, HXFF, and HXB180. The flow rate
ranges between (2-6 lpm), and the comparable values are
achieved at 40PPI. Figure 7 shows that a HXB180 with a PEC
that was (72.7%) higher than a HXWFF was given the greatest
average. The reason for this is that, even though the heat
transfer rate between a HXFF and a HXOF is larger than the
difference between a HXB180 and a HXOF by 63% and The
Nusselt number and effectiveness were 241.5 and 64.6%
respectively, the penalty for increasing the pressure drop and
friction factor was very large in a HXFF.

i —=— HXOF
Yy —e— HXFF
o 4 HXB180

1.25

1.00 4

0.754

0.50 g . T T g . T T T T
3 4 5
Flow rate (LPM)

Fig. 7. Comparison of the effect of baffle angle () on
performance evaluate criteria (PEC).

4.4. Comparison of Contours Shapes

Figure 8 compares contour forms from three heat
exchangers (HXOF, HXFF, and HXBI180) in a plane
(X=58.8cm), explaining a side section at the fluid outlet and a
front section portion in Figure 9. The bluish color was shown
to be highest in a HXOF, to drop in a HXB180, and to be least

focused in a HXFF. This indicates that the HXF has the most
heat transfer convection. Furthermore, the reddish color of hot
fluid at the inner pipe was the strongest in a HXOF and the
weakest in a HXFF.

Fig. 8. Comparison of fluid temperature contours shapes
(front section).

(a) HXOF

(b) HXFF

(c) HXB 180

Fig. 9. Comparison of fluid temperature contours shapes
(side section).
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5. Conclusions

The effects of metal foam volume and pore density (PPI)
in a double-pipe heat exchanger have been studied
numerically. Four heat exchanger models containing a filled
pipe heat exchanger with foam (HXFF) and three partially
filled heat exchangers are used in the analysis. The partially
filled models heat exchangers were with nine rings of foam
baffles of 10mm thickness with various baffle angles (B) (0°,
90°, and 180°). The main findings made in the present study
as presented below:

e Increasing the pore density of copper foam will improve
all heat exchangers' thermal performance and increase
pressure drop.

o Increasing the baffles angle (B) at pore density (10PP)
results in reducing both thermal performance and both the

(Ap) and (f).

e  When the volume of foam is reduced and the pore density
is increased after 10PPI, the rate of rise in the (Ap) and (f)
is greater than the rate of increase in thermal performance,
which results in reduction in the performance evaluate
criteria (PEC) for (HXFF and HXBO) because they have a
larger volume. And (HXB90 and HXB180) also will be
increased in (PEC) because of their smaller volume.
Where (PEC=1.88) for HXB180 at flow rate 2 Ipm.

e A heat exchanger with partially full of metal foam is better
than fully foam.

o A heat transfer rate (Qav) Was (45%), where it was (615W)
in a smooth pipe heat exchanger, while it was (895W) in
HXB180 at flow rate 2 lpm.

e Nusselt number improvement (Nuav) was (146%), where
it was (34) in a smooth pipe heat exchanger while it was
(67) in HXB180 at flow rate 2 Ipm.

e During the comparison of the three heat exchangers
(HXOF, HXFF, and HXB180), it was discovered that the
highest rate of PEC was for the exchanger (HXB180), and
this is due to the penalty caused by the increase in the
pressure drop of the exchanger (HXFF), even though it
gives the highest of heat transfer rate.
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