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fffiliati(')ns o Abstract

&ngml Engineering The present numerical study aims to explore the effect of the metal foam’s
Wasit University, volume on the performance of a double-pipe heat exchanger in comparison with
Wasit, Iraq. a double-pipe heat exchanger with a smooth pipe (HXS). Water was used as an
Correspondence operating fluid at flow rate 2Lpm. The outer stainless §teel pipe has an outer
Zuhair S. Faal diameter (D,=60mm) and length (L=609.6mm), and an inner copper pipe with
zuhairsa302@ uowasit.edu.iq an outer diameter (d,=20mm). The numerical simulation was conducted by

employing ANSYS FLUENT 2020 R2 software. The open-cell copper foam

(F)eg-m\\;z(rjnb 12023 (CF) with the porosity of (0.9) was used. The cases considered in the analysis
Revised including a heat exchanger with a complete fill of copper foam (HXF), and a
16-December-2023 partial fill heat exchanger. The latter was made by inserting a complete rings of
Accepted copper foam baffles (CFB) to decrease volume of a CF. Then, the baffles
17-January-2024 volumes increased by increasing the thickness and number of baffles. Three
Doi: parameters were varied then their influence on performance evaluate criteria
10.31185/ejuow.Vol12.1552.495 (PEC) were investigated. The parameters were pore density (PPI), thickness of

baffles (tc), and number of baffles (nob). Results showed that, heat transfer rate
(Qave) and the pressure drop (Ap) increased with the increase of pore density,
where the (Qave) reached to (17%) at pore density (10-50PPI) in (HXF), and
well distribution of a CFB could increase the thermal performance while the
pressure drop did not change with use the same volume of the CF.
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Nomenclature
agr Solid-fluid specific surface area (m?) Tei, Teo Inlet and outlet cold water temperature (°C)
A;, A, | Inner and outer Surface area of inner pipe (m?) Thi, Tho Inlet and outlet hot water temperature (°C)
A, Cross section area of annular gap (m?) ngflf(l){ls
d;,d, Inner and outer diameter of inner pipe (m) p Density (kg/m®)
D;, D, | Inner and outer diameter of outer pipe (m) u Viscosity (N.S/m?)
D, Darcy Number Ap Pressure drop across the heat exchanger (Pa)
ds Fiber diameter (mm) € Porosity of the porous medium
d, Pore diameter (mm) p Wetted perimeter (m)
F Inertial coefficient of metal foam Subscript
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hy ?\;)\/I:ﬁ;flt}ﬂfil)lnterfaC|al specific heat transfer coefficient io Inlet and outlet
fur Friction factor with metal foam h,c Hot and cold
1 Friction factor without metal foam (smooth) ave Average
ke Effective thermal conductivity of fluid (W/m k) s Surface
koo Effective thermal conductivity of solid (W/m .k) Abbreviations
ke Effective thermal conductivity in metal foam (W/m .k) tc thickness of baffles
k Permeability of the porous medium (m) nob number of baffles
K Thermal conductivity (W/m .k) HXS double-pipe heat exchanger with a smooth pipe
Nuyp | Nusselt number with metal foam HXF double-pipe heat exchanger with full foam
Nug Nusselt number without metal foam (smooth) double-pipe heat exchanger with (tc=10 &
HX109 nob=9)
2“ Inlet and Outlet pressure for the outer pipe (pa) HX209 gggg';)'p'pe heat exchanger with (tc=20 &
P. Pyrantel Number HX1018 dout_)le-plpe heat exchanger with (tc=10 &
nob=18)
R, Renault Number CF copper foam
Te, T Temperature of fluid and the solid matrix (°K) CFB copper foam baffles
;51 ’ Surface temperature on the inner pipe (°C) PEC performance evaluate criteria
2

1. INTRODUCTION

More industries todays require heat exchangers have small size and high performance. There are several ways to
enhance the performance. The ways can include using rough and extended surfaces, and porous media. Therefore,
using open cell metal foam to increase surface area to transfer heat has been important way. Metal foams have good
characteristics including high compressive strength, lightweight, stiff, ability to be formed into complex shapes with
void spaces making up 75-95% of the volume, low relative density, high thermal conductivity of the cell edges,
large accessible surface area per unit volume, and the ability to mix fluid.

In Abadi & Kim, 2017 [1], a narrow (4mm diameter) copper tube was filled with copper foams of 20 and 30PPI. It
was experimentally examined in a heat exchanger arrangement. Working fluid was R245fa refrigerant, the pressure
drop with the heat transfer coefficient are compared with an empty tube. Experiments show that reducing the cross
sectional area of the channel made most predictive methods unable of predicting the experimental results. This was
explained by the imperfections of the metal foam mesh caused by the foam sheets being cut into small cylinders.
Compared to most of the predictions, damaged ligaments, damaged pores, and fewer pores in the cross sectional
area result in a lower pressure drop and heat transfer coefficient.

Xu et al., 2018 [2], examined numerically fully developed to forced convective heat transfer in tubes soldered with
novel porous structures (Gradient metal foam GMF) that were partially filled. The pore densities of gradient metal
foams are less than 40 PPI and the porosities exceed 0.8. Brinkman extended Darcy model and two equation model
adjusting for a LTNE effect are employed for energy equations. The results are showed that the friction factor
reduces with rising porosity over the whole porosity area.

A computational analysis on a counter-flow double pipe heat exchanger operating in turbulent flow with two
configurations was carried out by Jamarani et al., 2017 [3], Copper porous media considered with porosity of (0.9).
When the porous media was put in the centre of the inner pipe and on the inner surface of the outer pipe, the non-
dimensional thickness of the porous material that offered the best thermal performance was (S=0.7). However, with
the configuration, which the porous material was fixed at the inner and outer surfaces of the inner pipe, (S=0.4)
was the optimum non-dimensional thickness.

Fiedler et al., 2021 [4], investigated the effectiveness of a novel alloy of metal foam ZA27 with a heat exchanger.
Through a casting technique, open cell metal foam was bonded with a pipe. Foam’s macroscopic density was (1.28—
1.36g/cm3) and an interconnected porosity was (72—74 vol.%). The temperature difference was about 42 kelvin.
The results showed an increase in heat transfer of up to 71%. However, overall performance was found to be
constrained by poor heat transfer between copper tube and internal mass stream, as a result of the relatively small
contact surface.

Tamkhade et al., 2023 [5], the evaluation of performance to a double-pipe heat exchanger with an inner tube made
of stainless steel, and an outer tube made of galvanized iron was investigated numerically by using CFD analysis.
With hot water (80°C) and 2 LPM in the inner tube and cold water (30°C) and 10 Lpm in the outer tube as the
working fluids, nickel metal foam with pore densities (10 to 50PPI) and 0.9 porosity is used. The results are showed
that heat transfer coefficient of stream through an annular flow passage with the metal foam and overall heat transfer
coefficient increased together with the rise in the pore density.
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Li et al., 2020 [6] studied a triple-tube latent heat storage system with nanoparticles and metal foam with
porosities (0.95,0.97, 0.99) to solve a problem of phase change materials' low thermal conductivity. While water
transfers heat through the inner and outer tubes. The effects of using metal foam and nanoparticles alone and
together were investigated. The results showed that by decreasing the metal foam's porosity reduce the time
needed for melting and solidification, where was at metal foam of 95% porosity without nanoparticles, the time
reduce by 83.7% and 88.2%, respectively, compared with the pure system.

In Chen et al., 2020 [7], an novel shell-and-tube heat exchanger with baffle metal foam (5,10,20 and 40PPI) with
porosity (0.9118- 0.9520), was utilized to recover heat from exhaust gas. Thermal hydraulic performance to metal
foam baffle in heat exchanger systems was investigated using a three-dimensional numerical model, the metal foam
baffle heat exchangers with (40PPI) and Porosity (0.9132) prove the best performance results, and the overall
performance of heat exchangers with metal foam baffles increases as the thickness of the metal foam increases.

In a different research, Zhou et al., 2021 [8], studied metal foam-wrapped cylinders in a shell and tube condenser
during sloshing conditions such as surging, swaying, heaving, rolling, pitching, and yawing. The sloshing frequency
varied from 0 to 0.33 Hz, and the sloshing angle ranges from 0° to 12°, open-cell copper foams with pore densities
of (5, 10, 20, and 40PPI) were brazed to a copper tube. The highest performance for condensation heat transfer in
heat exchanger with 10PPI copper foam, was 34% -54% larger than heat exchanger without metal foam.

A detailed examination to using different size of metal foam baffles in double pipe heat exchangers and its effect
on their thermal and hydraulic performance was presented in the current study. The influence of baffles thickness,
their number, and pore density, as well as their distribution were also examined.

The purpose of the current study improving the heat transfer rate in double pipe heat exchanger, because of its
impact on many thermal devices. Heat energy may be transferred between two fluids at different temperatures using
double-pipe heat exchangers. It is utilized in several industrial processes, refrigeration devices, cooling
technologies, applications for sustainable energy, and other fields. Double pipe heat exchangers are categorized
differently into cross, counter, and parallel flows in all utilized it.

2. NUMERICAL SIMULATION

ANSY'S 2020 R2, was used to conduct solution and complete mathematical representation of the physical problem
including continuity equation and momentum equation as well as energy equation.

2.1.Mathematical Model
2.1.1. Geometry

Figure (1) shows the details of drawing of the physical geometry model for a douple pipe heat exchanger. All
dimensions were quoted from Ebieto et al., 2020 [1] after validated it. The stainless steel outer pipe has a 609.6mm
length, outer diameter (Do 60mm) with (1.5mm) thickness and it was insulated from outer with two copper caps
(10mm) thickness. And copper inner pipe was with length 711.2mm, outer diameter (do 20mm) and (1mm)
thickness. Metal foam was open-cell and has porosity (0.9) and pore density was change as (10, 20, 30, 40 and
50PPI). Annular gap of heat exchanger is completely filled with metal foam at the first step to give heat exchanger
with full foam (HXF), after that it is partially filled with rings baffles with thickness (tc=10mm) and number of
baffles (nob=9), and denoted it as (HX109). Then, volume of CF was gradually increased by used two method. First,
by changing the thickness to (tc=20mm) with the same (nob) to get (HX209) and the second was by changing the
number of baffle (nob=18) with keeping the same thickness (tc=10) to get (HX1018). Thus, there are five main
configurations of heat exchangers namely HXF HX109, HX209, and HX1018 and smooth pipe heat exchanger
(HXS), as shown in Figure (2).
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Figure 1 Details drawing of the physical model geometry dimensions in mm.

Case 1 - HXS (Smooth Pipe )

Case 2 - HXF (full Copper foam)

Case 3 — HX109 (tc=10, nob=9)

Case 4 — HX209 (tc=20, nob=9)

Case 5 — HX1018 (te=10, nob=18)

Figure 2 Descriptions of the studied cases
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2.1.2. Mathematical Assumptions
The descriptive analysis is based on the following simplifying assumptions: -
1- Steady state conditions.
2- Simulation with three dimensional (X, y, z).
3- Thermophysical properties are constant in solid or fluid phases.
4- |sotropic, rigid, uniform and homogeneous metal foam
5- Fouling is neglected.
6- Heat generation and viscous dissipation are neglected.
7- Flow is turbulent.

8- A local thermal non-equilibrium (LTNE) model is used with equations of energy.

2.1.3. Governing Equations

To analyze fluid flow and heat transfer, the governing differential equations are presented. The fluid region's
waterflow field is described by the Navier-Stokes equation, while the flow field inside an isotropic homogeneous
porous medium is presented in a volume-averaged generalized momentum equation which described by the
Brinkman-Forchheimer extended Darcy model. These equations will be presented in the following sections.

2.1.3.1. Conservation of Mass

Any closed system's mass is constant and does not fluctuate over time according to the laws of mass conservation
[9].

aVx vy . 0Vz

ox [25% 0z =0 (1)

2.1.3.2. Momentum equations

The change rate in momentums equal to the net forces that acting on a bodies according to Navier-Stokes equations
and Newton's second law of motion [10] is:

In X-direction
Ty, ey, Ny 00y L (P 0% 000
€2 (VX + V +V, 9z’ ox + £Re \ 0x2 dy? 9z2 ) Da ReVX \/_V |V| 2
In Y-direction
avy avy __op L(azvy 82vy azvy) 1
Z(VX +V +VZ Bz 6y+sRe ox? + dy? + 0z2 DaReVy \/_V |V| )
In Z-direction
EN TR V12 . S S P S W WA T
ez(vxax-l_vyay-l_vzaz)_ 9z  eRe \ 0x2 ay? 0z2 DaReVZ \/D_aVZ|V| )

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

oy oy an (1+kp) (0%Tf | 02Tf hefasp _
(Vx +Vy oy +7 )_ Pr Re dy? toz 0z2 SfPrRe( Tf) (5)

Energy equation of the solid matrix (LTNE) is:

9°Ts | 02Ty

0=
dy? 0z2

hS S
+ f (T¢-Ts) (6)

The equation of energy for an incompressible fluid can be written in a form as a thermal equation for static
temperature (without foam) is:
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(u.V)T = aV. (VT) ™

2.2.Numerical model

Governing equations must be solve through Finite volume method to modelling heat transfer and fluid flow in simple
and collector geometric shapes through uses a computer code package, that are hard to solve in other programming
languages.

2.2.1. Geometry creation

The annular model with and without metal foam is drawn by using (SolidWorks2022) software program. The model
was imported to the geometry in (Ansys fluent 2020 R2).

2.2.2. Meshing the geometry

An acceptable mesh is used to arrive at the optimal converged solution. Hexahedron and Tetrahedron mesh
technology were used for the model geometry's 3-D mesh, as shown in Figure (3). Using (inflation) and (sizing) to
regulate the shape of the mesh specially with copper foam parts give more accurate values of temperature, the number
of elements was (4,400,000 to 4,700,000). This range was varied depending on the studied cases.

2.2.2.1. Mesh independency

To verify mesh dependence, a reduced size of the element should be made. Figure (3) shows that the element size
was taken as (1.3mm) to get the best mesh, the accuracy and resolution must be adopted in a comparison of solutions
by average Nusselt number for various mesh models. Depending on the cases that were analyzed, the number of
pieces ranged from 3,400,000 to 4,700,000.
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Figure 3 (a) Grid generated for Present model (b) Mesh independency.

2.2.3. Numerical setup
2.2.3.1.

Four processes parallel and double precision solver were selected, atmospheric pressure, steady-state time, absolute
velocity are considered. The gravity (-g) in (YY) direction, simulation of the buoyancy model is carried out. Type of
governing models (energy, viscous) are selected with activating on the energy equation. The k-¢ realizable model is
suitable [11], it is chosen too.

2.2.3.2. Setting boundary conditions

The present study is taken inlet temperatures as (75°C and 30°C) for hot and cold water at inlet and (2 Ipm) as flow
rate with insulated outer pipe. The main parameters which taken is showed in Table (1) and Figure (5) to explain the
boundary conditions of inlet laminar flow.

General setting and models
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Table 1 Boundary conditions.

Zone Type Momentum B.C. Thermal B.C
cold-inlet mass-flow-inlet - Gage Pressure=0 Pa. Temperature
- Reference: Absolute
- Method: Normal to
Boundary
hot-inlet mass-flow-inlet - Gage Pressure=0 Pa. Temperature
- Reference: Absolute
- Method: Normal to
Boundary
cold-outlet outflow - -
hot-outlet
wall-outer-pipe wall Stationary, No slip Insulated
No heat flux
wall-inner-pipe wall Stationary, No slip via system coupling

Hot Water
Outlet

Outer Pipe

\

& Cold Water Inlet

L ——

Cold Water Outlet

v

Inner Pipe

Metal Foam

Hot Water
Inlet

Figure 5 Boundary conditions of geometrical model

2.2.3.3. Operating conditions

For the present work, the gravity = - 9.81 in Y-direction and temperature ambient as operating temperature and the
operating pressure selected is 101.325 kPa.

2.2.3.4. Convergence criterion

Using a set of residual values below, the solver checks for convergence of the solution using the residuals technique,
and stops when the average residuals decrease. "Residuals" are the inaccuracy in the computation. It is authorized if
the flow residuals, comprising the continuity and momentum characteristics, are less than 10~ and 10-%. As seen in
Figure (6), the convergence criterion was taken as 10 for the pressure residual, and 107 for all of the other residuals
[11]. Whereas, the time spent varied depending on the case from one hour to three hours.
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Figure 6 Variation of Numerical Residuals with Iteration.

Four surface temperature on the inner pipe, which were (Tsi, Ts2, Tss, and Ts4), inlet and outlet temperature for both
pipes (Thi, Tho, T, and Tep), and inlet with outlet pressure for outer pipe (pci and pe.o), were set as shown in Figure

().
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Figure 7 The geometrical model with four surface temperature.

Wasit Journal of Engineering Sciences 2024 12 (2) pg40



Faal et al

3. CALCULATIONS

In order to finalize the mathematical representation of the physical problem, some partial differential equations, such
as Equations (8-21), need to be resolved as follows:

3.1. Calculation of Thermal performance

e The heat transfer rate calculations from the hot water to the cold water is calculated according to the
following procedure [12]:

Heat transfer of the hot water (Q,) is :
Qn = (mcp)h(Th,i — Tho) W) 3
Heat transfer to cold water (Q.) is :

Q= (1Cy) (Teo = Tei) (W) )
The average heat transfer rate (Q,,.) between the hot water and cold water side is :

Quve = 222 (W) (10)

e  The maximum heat transfer (Q,,q,) €an be given as :
Qmax = (mcp)h(Th,i - Tc,i) (W) (11)
e The effectiveness of the double pipe heat exchanger (E) is obtained from :

E = Qave (12)

Qmax

e The convection heat transfer coefficient (h;) between the hot water and Inner surface of the copper pipe:

hy=—2@e  (W/m?°C) (13)

Ai(Th,ave_Ts,ave)

e The log mean temperature difference (ATy,,) for parallel flow is:

(Th.i=Tci)~(Th.o—Tc.0)
AT,y = °C 14
LM In[(Thi=Tci)/(Tho—Tc.0)] ( ) ( )

e The overall heat transfer coefficient (U;) is:

Qave (W/mZ.oc) (15)

L7 ATy

e The outer convection heat transfer coefficient of cold water (h,) is:

1

hy = ) (W/m?2.°C) (16)

1 i
AO(Ul-Al- hiA; 2KL)

e The hydraulic diameter (Dy,):
Dyp =%, 4 = (D7 — d2)

.
44, _ 4x@Q0F-ad) _

Dy = =D; —d, (m) (17)

14 nD;i+md,y
Where p : Wetted perimeter (m)

e  The average Nussle number (Nu,,.) on the outer surface of the inner cylinder can be expressed as follows:

_ hoDp
Nuave - Ky

(18)
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3.2.calculation of Hydraulic Performance
. The velocity (u) was estimated using the following equation [13]:
v v

u —_ —_——=
A m(D}-d3)

(m/s) (19)
e  The friction factor (f) is calculated for the cold stream from using the following :
_ e

pu? (2 O)

2

Where AP : Pressure drop (pa)

3.3.Calculation of Performance evaluate criteria (PEC)
e  The performance evaluate criteria of the double-pipe heat exchanger (PEC) for cold water side is :
(NU.MF)

PEC = s (21)

IMFy3
G 3

4. RESULTS AND DISCUSSIONS
4.1.Validation of Experimental heat exchanger

It is necessary to firstly validate experimental model for a HXS in order to know accuracy of simulation software
(Ansys 2020 R2). Then, its dimensions to make 3D drawing of double pipe heat exchanger with metal foam which
can be in the simulation of the current study. Ebieto et al., 2020 [1], has been select to this validation when change
water temperature with floe rate (2, 3, and 4LPM) in parallel flow, and the deviation was (2.3%, 2%, and 1.8%)
respectively as showed in Figure (8). This small percentage of deviation explains the accuracy of the simulation
software in that the practical results closely approximate the theory. Since the research presented by Ebieto et al.,
2020 is experimental research, therefore can be used the simulation software in the current study to extract theoretical
results.

(a) Flow rate 2 Ipm (b) Flow rate 3 Ipm
80 T T 80 T T
* *
A
70F v - 70 | ’:‘ .
60 | ® ColdFluid Ebieto et al., 2020 | - 60 F [ = Cold Fluid Ebieto et al., 2020 .
—_ ® Cold Fluid Current Study — ® Cold Fluid Current Study
nU 4 Hot Fluid Ebieto et al., 2020 DLZ‘ 4 Hot Fluid Ebieto et al., 2020
= ¥ Hot Fluid Current Stud! — i
F g0l | Y | 5o | | ¥ Hot Fluid Current Study |
40 - b 40 | e
] ]
30 = E 0 = 4
T T T T
1 2 1 2
) )
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(c) Flow rate 4 Ipm
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*
70 I -
60 | = Cold Fluid Ebieto et al., 2020 -
— ® Cold Fluid Current Study
QU 4 Hot Fluid Ebieto et al., 2020
= ¥ Hot Fluid Current Study
50 : : &
40 + 8
]
30 = i
T T
1 2
-

Figure 8 Validation of a smooth pipe heat exchanger.

4.2 .Numerical Results

Effect of three parameters pore density (PPI), thickness of baffle foam (tc), and number of baffles foam (nob) on
thermal performance which include heat transfer rate (Qave), Nusselt number (Nuave) and the effectiveness (E) were
obtained. Hydraulic performance which included the pressure drop (Ap) and the friction factor (f), then performance
evaluate criteria (PEC) have been explored to four heat exchangers with copper foam, additionally to HXS as showed
in Figure (2).

4.2.1. Thermal performance
4.2.1.1. Effect pore density (PPI)

In Figure (9), pore density of copper foam has been changed as (10, 20, 30, 40, and 50 PPI) to four heat exchangers
(HXF, HX109, HX209, and HX1018), and explained its effect on thermal performance, as it has been observed in
Figure (9 a) that heat transfer rate (Qave) increases gradually with the increase in pore density, and the effect of this
increasing less with increases pore density after (40PPI). Same behavior noted in Figure (9 b, ¢) with other factors of
thermal performance, Nusselt number (Nuave) and the effectiveness (E). Where Nu and E increase with Pore density
increasing, attributed this improvement to increase surface area of metal foam with increase pore density.

4.2.1.2. Effect thickness of baffles foam (tc) and Number of baffles
foam

In Figure (9), the effect of copper foam volume and its distribution has been studied as well by using the parameters,
thickness of baffle foam and Number of baffles to give three type different heat exchangers (HX109, HX209, and
HX1018), where same volume have been used in (HX209 and HX1018) with different distribution. It was observed
that, when the volume of metal foam decrease all parameters (i.e. Qave, NUave, and E) decrease. In addition, it was
noted that when same volume of copper foam is used, but with different distribution, those parameters (Qave, NUave,
and E) ina (HX1018) becomes better than in (HX209). This means there are possibly to improve thermal performance
without increase the volume. The reason for this behavior can be attributed to the fact that increasing number of
baffles (nob) while decreasing their thickness (tc) leads to increase surface area of CFB and an increase in mixing
and turbulence flow as well, which reduces the boundary layers.
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Figure 9 Effect of parameters (PP, tc, nob ) on thermal performance.

4.2.2. Hydraulic performance
4.2.2.1. Effect Pore density (PPI)

In Figure (10), same parameter was change, pore density (10, 20, 30, 40, and 50 PPI) to briefly describe its effect on
hydraulic performance for (HXF, HX109, HX209, and HX1018), as it has been observed there is a penalty for
improvement thermal performance due to increase both the pressure drop (Ap) and the friction factor (f) with increase
pore density (PPI). The reason of that is attributed to the increase of struts of cells with increases pore density that
cause increase the friction through obstruct flow water.

4.2.2.2. Effect thickness of baffles foam (tc) and Number of baffles
foam

In Figure (10), effect of CFB volume and its distribution has been studied to the three heat exchangers (HX1009,
HX209, and HX1018) on hydraulic performance as well. It was observed that, when decreases the volume of CFB,
both parameters (Ap and f) decrease. Furthermore, when same volume of CFB are used but with different distribution
in both (HX209 and HX1018), the pressure drop and the friction factor remain constant. This means there is not a
possibility to decrease penalty through increase or decrease number of baffles if it was complete ring.
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Figure 10 Effect of parameters (PP, tc, nob ) on hydraulic performance

4.2.3. Performance evaluate criteria (PEC)

Comparison has been made between improvement in thermal performance and penalty in pressure drop and friction
factor through calculate performance evaluate criteria (PEC).

4.2.3.1. Effect Pore density (PPI), thickness of baffle (tc), and Number
of baffles (nob)

Figure (11), showed that PEC of four heat exchangers (HXF, HX109, HX209, and HX1018) has a gradual decreasing
when increases pore density and volume of copper foam. It is noted that PEC of HXF at (40 and 50PPI) is close to
PEC of HX1018 at (10 and 20PPI). This means that PEC can be improved by decreasing the volume and pore density
to reach what heat exchanger with full foam has reached with bigger pore density. It was also observed that when
using the same volume of metal foam with a HX209 and HX1018, there will be a clear difference in PEC where
HX1018 has greater value. That means it can improve PEC through found better distribution to metal foam with use
the same volume.
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Figure 11 Effect (tc and nob) with various pore density (PPI) on performance evaluate criteria (PEC)
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4.3.Comparison of contours shapes

A comparison of contour shapes, which belong to three heat exchangers (HXS, HXF, and HX1018), are shown in
Figure (12) at plane (X=58.8cm) which explains a side section at exit of fluid and front section in Figure (13). It was
observed that the bluish color was in largest area in a HXS, where the area decreased in a HX1018, and area was least
in a HXF, it explains that the largest heat transfer convection occurs in the HXF. Moreover, the reddish color to hot
fluid in the inner pipe was the largest gradient in a HXS and very weakly in the HXF.

(a) HXS

(G HX101I8 ‘oS~

Figure 12 Contour of temperature at (X=58.8mm) for a three heat exchangers (side view).

() HX1018

Figure 13 Contour of temperature for a three heat exchangers (front view).
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5. CONCLUSIONS

A numerical study on the effect of metal foam’s volume and pore density in a double pipe heat exchanger has
been conducted. A number of heat exchangers of different configurations has been analysied. These
configurations are used to cover the performance analysis of heat exhcangers performance in the case of smooth
pipe, fully filled pipe with copper foam, and partialy filled pipe with baffels that have variable thickness and
numbers. For all these configurations that uses copper foam, pore density was changed as (10, 20, 30, 40, and
50PPI). After presenting and discussing the obtained results, the following conclusions are made:

1- Improvement the average heat transfer rate when added metal foam to a double pipe heat exchangers,
and this percentage in an HX1018 was 87.2% (i.e. 1151.4W), while average heat transfer rate in a HXS
was (615W).

2- Both thermal and hydraulic performance increased when pore density increased, where the average
heat transfer rate reached to (17%) at pore density (10-50PPI) in (HXF).

3- When the pore density increases, the pressure drope increases in a greater rate than The average Nussle
number (Nu,,.) does which leads to the decrease in performance evaluate criteria (PEC).

4- For the same configuration, when the metal foam volume decreses, both thermal and hydraulic
performance decrease which consequently lead to the decrease of performance evaluate criteria (PEC).

5- Hydraulic performance didnot affected by different distribution of CFB with constant volume of the
copper foam.

6- Thermal performance is effected by distribution of CFB with a constant volume of copper foam,
therefore performance evaluate criteria (PEC) of the HX1018 bigger than the HX209.

To explain the previos, the large surface area of the copper foam led to an increase in the heat transfer rate with
the water. This large area results from converting solid metals into porous metals (open-cell metal foam) that
contain a voes (open cells) that are connected on its sides. The formation of this porous material and its
distribution within the heat exchanger can improve the thermal performance and maintain a low pressure drop
without increasing the size of the porous material.
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