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Designers of heat exchangers are regularly searching for new methods that enhance the heat
transfer efficiency. A possible substitute of the conventional fins is the use of open-cell
metal foams. Low density, good rigidity, high thermal conductivity and huge value of
surface/volume ratio represent the best characteristics of porous media. For these features,
metal foams are used in several applications such as heat exchangers, fuel cells, heat sinks
and solar thermal plants. The need to create new systems in reduced volumes led to the
adoption of the aluminum foams for their great specific area surface that allows to have
compact heat exchanger characterized by a high thermal performance.

A numerical investigation has been accomplished to analyze the thermal and fluid dynamic
behavior of a tubular heat exchanger partially filled with aluminum foam. The Darcy —
Brinkman - Forchheimer flow model and the thermal non-equilibrium model (LTNE) for
the energy are applied to carry out two-dimensional simulations on the metal foam heat
exchanger. The foam has a porosity and (number) pores per inch respectively equal to 0.935
and 20. The heat exchanger is analyzed for different air flow rates and a fixed surface tube
temperature. The results are given as average and local heat transfer coefficient evaluated
on the external surface of the tubes. Furthermore, the local air temperature profiles in the
smaller cross section, between two consecutive tubes are given. Finally, the Energy
Performance Ratio (EPR) is evaluated in order to demonstrate the thickness of metal foam

that improve the system performances.

1. INTRODUCTION

The industrial world pays particular attention to new
techniques that can guarantee an increase in the efficiency of
several plants. At the same time, the research is being carried
out so that these new techniques cannot increase the risks for
the world reducing their negative effects on the environment.
Recently, applications of metal foams are employed to
improve the heat transfer and consequently energy efficiency
of the components. In fact, these materials are generally
applied in many industrial fields such as heat exchangers [1],
fuel cells, solar power systems [2], heat sinks [3], automotive
thermoelectric generator [4], liquefied natural gas system [5],
latent thermal energy storage [6].

A review of the literature on heat transfer improvement due
to the use of metal foams in a heat exchanger was
accomplished by Mahjoob and Vafai [1]. The foam’s
morphology influences the thermal and fluid dynamic
performance of metal foam heat exchangers, as demonstrated
by Huisseune et al. [7].

Kim et al. [8] experimentally analized the influence of the
porous fins characterized by different porosity and PPI on the
pressure drop and heat transfer in plate-fin heat exchangers.
The authors found that the heat transfer was better respect to
the case without foam; on the other hand, the porous medium
caused a higher pressure drop. An experimental study of
thermal and fluid dynamic behavior in a compact heat
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exchanger with an aluminum foam was carried out by Cicala
et al. [9]. Three metal foams were employed, characterized by
10, 20 and 30 PPI and porosity equal to 0.95. The results
showed that the maximum heat transfer occurred with the
metal foam with a PPI equal to 20.

Several systems of tubes wrapped by metal foam was
studied by Chumpia and Hooman [10] experimentally. Several
cylinders, characterized by different thicknesses of the
aluminum foam, were examined in two-row and three-row
bundles to judge their thermo-hydraulic performances. The
effects of foam thickness and the row number were estimated.
An annular finned tube bundle with the same number of row
was employed as sample to do the comparison. The results
showed that the second and third rows in the bundle were
characterized by a heat exchange major than the first row. The
foam bundle was characterized by a friction factor 3 to 6 times
larger than that of the finned bundle.

The porous media have been studied using also analytical
solutions. Xu et al. [11] carried out an analytical study about
the local thermal equilibrium (LTE) model and the local
thermal non equilibrium (LTNE) model. The results showed
that the heat transfer coefficient in LTE hypothesis is greater
than that of LTNE model; furthermore, LTNE model becomes
more important when the porosity is low, the difference
between the thermal conductivity of the fluid and solid phases
is large and the PPI is low. The thermal and fluid dynamic
performance of parallel-plate heat exchangers partially filled



with foams was analyzed by Lu et al. [12] analytically. The
effects of different parameters- such as porosity, pore density,

thickness of metal foams- on the system behavior were studied.

The need to have more and more information about the
behavior of heat exchangers comes from their numerous
applications such as energy conservation and conversion.
Several numerical investigations were accomplished in order
to estimate the effects of metal foams presence in heat
exchange system. Odabaee et al. [13] carried out a numerical
study to evaluate the heat transfer efficiency of a cylinder
wrapped by metal foam in cross-flow. A comparison was
carried out respect to a finned-tube heat exchanger; the results
demonstrated that the metal foam cylinder was characterized
by a higher heat transfer with an adequate excess of pressure
drop. A heat exchanger with porous graphite foam for vehicle
cooling was numerically investigated by Lin et al. [14]. Four
different arrangements of foams were analyzed in order to
evaluate the thermal and fluid dynamic behavior. The results
demonstrated that the best configuration was the one with
wavy corrugated characterized by a low pressure drop and a
high thermal efficiency. A numerical study on heat transfer
inside a metal foam was conducted by Zafari et al. [15]. A real
geometry was used for the construction of the computational
mesh. The results demonstrated that the pressure drop
decreased with increasing of the porosity; moreover, the
thermal equilibrium between fluid and the solid phases existed
for a little size of the porous media.

Alhusseny et al. [16] investigated numerically a double-pipe
heat exchanger partially filled with high porosity metal foam
and rotating coaxially. The heat transfer improvement was
obtained by an active method and a passive method. The active
method was the use of a secondary flow near to the surface
with metal foam guiding vanes; on the other hand; the passive

method was the cover by metal foam of the conducting surface.

Several parameters were considered to evaluate the system,
like the operating conditions, the arrangement of the guiding
vanes, and the geometrical and thermal characteristics of the
foam. The rotating porous vanes caused the vortex and so the
fluid particles swirled. For this reason, the heat exchange
surface changed continually; moreover, the boundary layer
became thinner near to the conducting surface. A new Kelvin-
cell-based metal foam (KMF) with elliptical struts was
analyzed by Moon et al. [17] to estimate the thermal and fluid
dynamic behavior of a heat exchanger with metal foam. The
authors examined five KMFs with different struts. The results
demonstrated that the scheme with the same cross-sectional
area had a better behavior than the configuration with the same
circumference; in fact, an elliptical KMF with the same cross-
section area was characterized by 32% less pumping power
than a KMF with circular struts. Alvandifar et al. [18]
accomplished a numerical investigation on a heat exchanger
with a bank of five rows of tubes wrapped by partially metal
foam layers. The arrangement with partially wrapped tubes
caused the same heat transfer rate respect to the system totally
filled; at the same time, the pressure drop was reduced of 60%,
the surface factor increased by 33% and the quantity of the use
of foam decreased by 50%. Chiappini et al. [19] used a coupled
lattice Boltzmann finite volume method in order to investigate
the conjugate heat transfer in a porous medium. The system
under investigation was a heat exchanger with open-cell metal
foam. The results demonstrated that the metal foam allowed
having temperature gradients steeper than the clean channel.
In this way, a specific temperature difference was obtained by
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means of a reduce heat exchanger length. Furthermore, the
porous medium allowed enhancing the heat exchange.

This paper is an extension of the work accomplished by
Buonomo et al. [20]. In fact, the heat exchanger is analyzed
with different thicknesses of the same metal foam in order to
study the behavior of the partially filled system. The
dimension of the heat exchanger are different respect to the
work above indicated because a following study has been
carried out with the aim to find the optimal configuration of
the system. The results are given in terms of the heat transfer
coefficient and pressure drop in order to obtain the metal foam
dimension that represents a good trade-off between the
improvement of the heat transfer and the increment of the
pumping power.

2. PHYSICAL
EQUATIONS

MODEL AND GOVERNING

The physical model is a heat exchanger with aluminum
foam in forced convection characterized by a steady laminar
flow. The 2D sketch of the compact heat exchanger under
investigation is showed in Figure 1. An arrangement of five
tubes confined into metal foam represents the tubular heat
exchanger. The distance 2H, is equal to 16.8 mm and the
diameter d of the tubes is 11.2 mm. The heat exchange system
is characterized by the height Hy,, of 84 mm and the length L,
of 58 mm.

] 2

Htot

Figure 1. Physical domain

The local volume averaging method is employed, as
indicated in [21], in order to reproduce the thermal and fluid
dynamic behavior inside the system. Whitaker established the
governing equations from the Navier-Stokes and energy
equation [22].

An appropriate volume, called Representative Elementary
Volume (REV), was used in order to write the average of the
local variables. The metal foam, in particular the aluminum
foam, is assumed homogeneous and isotropic and the thermal
and physical properties of the fluid and solid phases are
considered constant. The Darcy-Forchheimer-Brinkman
condition and LTNE hypothesis are assumed to model the
behavior of the metal foam. The viscous dissipation and
buoyancy force are overlooked; moreover, the thermal contact
resistances between the tube surface and foam is neglected.
The governing equations, using the hypotheses indicated, are:

-Continuity equation



ou ov
—_—t—=

-X- momentum equation

uou vaéu op  Hi(du o
Pl St =t S |+
g”0x &g° oy ox & \ox° oy

Hi CF 2 2
-—u- P U +V2u
K k72 (2)

-y-momentum equation

(uav vavj op /lf[azv 62v]
o [Ty PR R (A

g2 ox g2 oy oy & \ox* oyt
u C
—?fv—K—jzp,\/uz+v2v

3

in which e is the porosity, pr and u, are fluid density and
viscosity, # and v are the velocity components in Cartesian
coordinates, K and Cr are the metal foam permeability and
inertial coefficient, respectively.

-Fluid phase energy equation
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-Solid phase energy equation
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where ¢, is the fluid specific heat, kr and k; are the fluid and
solid phase thermal conductivity, Trand T are the temperature
of fluid phase and solid matrix of metal foam, respectively.
The terms oy and Ay are the specific surface area density and
the interfacial heat transfer coefficient between the fluid phase
and solid matrix, due to the assumption of the LTNE model,
respectively.

The correlations of Calmidi are used to evaluate K and Cr
[23]:
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where drand d, are respectively the fiber and pore diameter of
the aluminum foam. The geometrical parameters of the metal
foam are in relation with the porosity value, as can be seen in
the following correlation [24]:
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The following relationships are employed to evaluate o
and Ay [25]:
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where Regr is the Reynolds number referred to ligament
diameter:
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and Prg is the Prandtl number of the working fluid, air, that is
evaluated as:

(12)

The key parameters of the metal foam, employed in this
study, are listed in Table 1.

Table 1. Parameters of the used aluminum foam

PPI e K(m2) Cr

20 0.935 1.172 e-7 0.1

3. NUMERICAL MODEL

The finite volume method is applied in order to obtain the
solutions of the governing equations. Fluent 15.0 is used to
carry out the numerical investigations. The SIMPLE algorithm

is accomplished for the pressure-velocity coupling; the least

square cell is used to evaluate the gradient evaluation for the
spatial discretization. The pressure calculation is done by
means of the PRESTO algorithm; the second order upwind
scheme is used for energy and momentum equations.
Convergence criteria are considered equal to 10~ for the
continuity and the velocity components while for the energy
equal to 1078

As the computational domain is utilized half of a single tube,
as represented in Figure 2.
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Figure 2. Computational domain



The half tube is totally or partially enclosed in the aluminum
foam. The height of system is equal to H, the length L, is the
same of the physical domain. In this scheme, the heat
exchanger is arranged in a parallel plates channel with L; and
L, equal to 0.20 m and 0.80 m, respectively.

The thicknesses of metal foam have been indicated as ¢, as
can be seen in the Figure 3. Their values have been obtained
as ratio respect to the distance center-to-center of two
consecutive tubes (/); in fact, in order to obtain the metal foam
thicknesses, several ratios #/I have been considered, equal to:
Ya, Vo, ¥4, 1.

S

Figure 3. Geometrical metal foam configuration

The grid is made up of rectangular cells into the entire
computational domain Three different types of grids were
analyzed to find an independent solution from the mesh. They
are constituted by 28500 cells, 114000 cells and 456000 cells
for the configuration characterized by #// equal to %. In
corresponding of an inlet air velocity equal 0.511 m/s (Reqs =
392), the evaluation of the thermal power Q, as showed in
Table 2, highlights that the grid with 114000 cells had 0.3 %
error than the mesh with 456000 cells. The grid adopted for
the simulations was the one with 114000 elements because it
was represented a compromise between solution accuracy and
convergence. The grids for the other configurations have been
made up of with the same criteria of the construction of the
mesh for the ratio #/1 equal to %.

Table 2. Grid independence and numerical results

Cells

The boundary conditions employed for the investigations
are the following: the upper and bottom edges of the domain
are considered symmetric, the tube wall is an isothermal edge
with the temperature equal to 323.16 K and indicated as T,
the inlet air temperature, indicated as 7y, is equal to 288.16 K
and to the exit is imposed the overflow condition. The
reference length is the diameter of the tube d for the
dimensionless number.

4. RESULTS AND DISCUSSIONS

The thermal and fluid dynamic investigations are carried out
for a fixed temperature on the external surface of tube equal to
323.16 K and for different inlet air velocity values. The fluid
flow is laminar and the LTNE hypothesis is assumed to
evaluate the energy equations. For the dimensionless number,
the reference length is the diameter of the tube d, equal to 112
mm. The average total heat transfer coefficient h;,, evaluated
as:

htot =hf +hs (14)
where Eande are the fluid and solid phase heat transfer
coefficients, respectively. The average heat transfer

. T Qtot T Qf
coefficient are calculated as h,,, = hy =
, 8 Ay-10)" T T ATw-To)’
- Q . . . . .
hs = WS_TO) with: Q¢or = Qf + Qg Where Q¢ (the total heat

transfer rate) is equal to sum of the thermal power referred to
the fluid phase (Qf) and the solid matrix (Qs).

The heat transfer coefficient results, evaluated on the
external tube surface are plotted in the Figure 4 for different
values of ratio #/1.

Number Q (W) Yo error
28500 215.65 1.2%
114000 213.75 0.3%
456000 213.09 -

In this analysis, the Reynolds number Re,, calculated as:

_ P Upd
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(13)

Ranges from 56 to 1120. The inlet air velocities uy are

estimated from the definition of Res and the following values

are obtained, as shown in Table. 3.

Table 3. Inlet air velocity values

Req uo (m/s)
56 0.073
168 0.219
280 0.365
392 0.511
560 0.730
843 1.10
1120 1.46
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Figure 4. Average heat transfer coefficient as a function of x-
velocity for different t/I

This coefficient increases with increasing metal foam
thickness because the presence of the foam improves the heat
transfer. This enhancement is more visible for higher values of
air velocity.

The local heat transfer coefficient, evaluated on the surface
of the heated tube, is also reported, in the Figure 5, only for
Req equal to 392 because the behavior is the same for all
Reynolds numbers.
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Figure 5. Local htot as a function of the curvilinear abscissa
s for different metal foam thicknesses

Also the local / values increase with increasing of
thickness # for all Reynolds numbers.

In the Figure 6.a and 6.b, the temperature profiles along the
median cross section into metal foam are presented for Req
equal to 56 and 1120. It can be observed two different
temperature profiles, one referred to the fluid phase and
another linked to the solid matrix of the metal foam, for the
LTNE model assumption.
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Figure 6. Temperature profile along the median section for
t/I equal to % and %

For clarity, the temperature profiles are showed only for #/1
equal to 2 and %. One can see the difference between the fluid
and solid temperature increases with increasing Re, for both
metal foam thickness values. Moreover, in corresponding of
Re~=56, the discrepancy T —T, between the two phases is
higher for #/I = Y4 respect to t/I equal to %; on the other hand,
for Re,/~1120, the difference between the two metal foam
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phases is almost the same. In addition, one can observe that in
corresponding of ¢/I =%, AT is higher than the case with a ratio
t/I minor because, in the first case, it is obtained a major heat
exchange, as seen also with the evaluation of /.

Below, in the Figure 7, the pressure drop 4p between the
inlet and outlet sections is reported for the various metal foam
thicknesses. As can be observed, the major quantity of metal
foam causes an increase of pressure drop because there is an
increment of the friction during the fluid motion.

To evaluate the efficacy of the metal foam application and
the best metal foam thickness in the heat exchanger, a
comparison is executed respect to the case in which the tube is
totally enclosed in the metal foam. The Energy Performance
Ratio (EPR) is evaluated to appreciate the convenient
thickness of the metal foam considering both the improvement
of heat transfer and the increase of pressure drop.

The EPR is calculated as below:

tf (15)
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Figure 7. Ap as a function of u for several t/I

where the subscripts pf and ¢f indicates the case partially or
totally filled with the metal foam, respectively. In the EPR
expression, the friction factor f and the Colburn factor j are
evaluated as in the work of Odabaee and Hooman [26]:

Reotd
= ey Prair”’® (16)
and
2
pfuo (17)

In the Figure 8, the EPR is reported as a function of Rey.
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Figure 8. EPR for various t/I values



As shown in the Figure 8, the EPR increases with
decreasing of ratio #1, highlighting the advantage of using a
metal foam with a lower value of thickness, especially for
lower Reynolds numbers.

5. CONCLUSIONS

A numerical analysis on a heat exchanger with aluminum
foam characterized by a porosity equal to 0.935 and a PPI
number of 20 has been carried out to estimate the thermal and
fluid dynamic behavior of the heat exchange system. The
results in terms of heat transfer coefficient show that higher
thicknesses improve the heat transfer respect to a case with a
minor quantity of the aluminum foam. Furthermore, the
temperature profiles along the median section into the metal
foam for fluid and solid phases are showed demonstrating that
the temperature difference between two phases is higher for #//
minor when Re,; assumes lower values. Another result shows
that the pressure drop of the heat exchanger increases with
increasing of 7. As a final observation, the EPR has been
calculated to show how the efficiency worsens with increasing
of porous thickness because the pressure drop increases more
than the heat exchange.
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NOMENCLATURE

A cross section, m?

Cr drag factor coefficient

Cp specific heat, J kg* K*!

d tube diameter, m

dr fiber diameter, m

dy pore diameter, m

f friction factor

h heat transfer coefficient, W m2 K

hst interfacial heat transfer coefficient, W
m?2 K1

H half pitch, m

Hiot heat exchanger height, m

j Colburn factor

k thermal conductivity, W m?* K1

K porous permeability, m?

L thickness of porous media, m

m mass flow rate, kg s*

p static pressure, Pa

Pr Prandtl number
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Subscripts

0
clean
d

ds

f

mf

pf

S

tf

w

number of pores per inch
thermal power, W

radius tube, m

Reynolds number
curvilinear abscissa, m
Temperature, K

thickness of metal foam, m
x-velocity, m s

inlet air velocity, m s
y-velocity, m s

Cartesian axis direction, m
Cartesian axis direction, m

specific surface area density, m*
difference

porosity

dynamic viscosity, kg m?s?
density, kg m3

inlet condition

system without foam
tube diameter

fiber diameter

fluid phase of metal foam
metal foam

partially filled

solid phase of metal foam
totally filled

wall





