
Available online at www.sciencedirect.com
www.elsevier.com/locate/ijhmt

International Journal of Heat and Mass Transfer 51 (2008) 3701–3711
A synthesis of fluid and thermal transport models for metal
foam heat exchangers

Shadi Mahjoob, Kambiz Vafai *

Mechanical Engineering Department, University of California, Riverside, CA 92521, USA

Received 24 October 2007; received in revised form 16 December 2007
Available online 28 March 2008
Abstract

Metal foam heat exchangers have considerable advantages in thermal management and heat recovery over several commercially avail-
able heat exchangers. In this work, the effects of micro structural metal foam properties, such as porosity, pore and fiber diameters, tor-
tuosity, pore density, and relative density, on the heat exchanger performance are discussed. The pertinent correlations in the literature
for flow and thermal transport in metal foam heat exchangers are categorized and investigated. Three main categories are synthesized. In
the first category, the correlations for pressure drop and heat transfer coefficient based on the microstructural properties of the metal
foam are given. In the second category, the correlations are specialized for metal foam tube heat exchangers. In the third category, cor-
relations are specialized for metal foam channel heat exchangers. To investigate the performance of the foam filled heat exchangers in
comparison with the plain ones, the required pumping power to overcome the pressure drop and heat transfer rate of foam filled and
plain heat exchangers are studied and compared. A performance factor is introduced which includes the effects of both heat transfer rate
and pressure drop after inclusion of the metal foam. The results indicate that the performance will be improved substantially when a
metal foam is inserted in the tube/channel.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Metal foams are a class of porous materials with low
densities and novel thermal, mechanical, electrical and
acoustic properties [1]. The foams are lightweight, offering
high strength and rigidity, nontoxic structure, high surface
area and recyclable which improve energy absorption and
heat transfer in thermal applications, such as heat exchang-
ers. The rate of heat transfer is enhanced by conducting the
heat to the material struts, which have a large accessible sur-
face area per unit volume, along with high interaction with
the fluid flowing through them [2–7]. Normal foam liga-
ments in the flow direction results in boundary layer disrup-
tion and mixing. Turbulence and unsteady flow occur for
pore-scale Reynolds number greater than 100 [8]. The effect
of thermal dispersion is essential for a number of applica-
tions in the transport processes. Vafai et al. have shown that
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the effect of transverse dispersion is much more important
than the longitudinal dispersion [9,10]. The induced turbu-
lence and dispersion cause further enhancement in heat
transfer and increase performance and efficiency of the heat
exchanger considerably [11,12]. In addition, flow paths
through the foam are interconnected, which makes the flow
available in all areas. As such, utilizing the metal foam leads
to smaller and lighter heat exchangers.

Metal foams have considerable applications in multi-
functional heat exchangers [13–17], cryogenics [18], com-
bustion chambers, cladding on buildings, strain isolation,
buffer between a stiff structure and a fluctuating tempera-
ture field, geothermal operations, petroleum reservoirs,
compact heat exchangers for airborne equipments, air-
cooled condenser towers and cooling systems [19], high
power batteries [20], compact heat sinks for power elec-
tronics and electronic cooling [17,21–24], heat pipes
[25,26] and sound absorbers [27–30].

Metal foams can be classified as porous media with typ-
ically high porosity that consists of tortuous, irregular
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Nomenclature

asf specific surface area
Bi Biot number
cp specific heat at constant pressure
CD form drag coefficient
CRUC cubic representative unit cell
d width of CRUC
df metal foam fiber diameter
dp mean pore diameter
Dp the equivalent spherical diameter of a porous

medium
Dh hydraulic diameter of channel
Da Darcy number
f friction factor
F inertial coefficient
G shape function
h heat transfer coefficient
hsf interfacial heat transfer coefficient
H the height of the foam channel
j* modified Colburn j-factor
k thermal conductivity
K permeability
L length of the foam channel
Nu overall Nusselt number
Nusf interfacial overall Nusselt number
P dimensionless pressure
Pp,g pumping power
Pr Prandtl number
q heat flux
R radius of the inner tube
R1 radius of the inner side of the outer tube

R2 radius of the outer side of the outer tube
Re Reynolds number
Sfs fluid solid interface in CRUC
Sv surface area per unit volume of solid phase
u velocity
U overall heat transfer coefficient
V0 total volume of CRUC
x longitudinal coordinate
y transverse coordinate
Y nondimensional transverse coordinate

Greek symbols

e porosity
j ratio of fluid to solid effective thermal conduc-

tivity
q density
l dynamic viscosity
t kinematic viscosity
v tortuosity
g pump efficiency
hf,b dimensionless bulk mean fluid temperature

Subscripts

b bulk
e effective
f fluid
i inner tube
o outer tube
s solid
w wall
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shaped flow passages. However, some aspects of the past
studies on packed beds and granular porous media needs
to be modified for metal foams [18]. Liu et al. [31] have
indicated that the pressure drop resulting from foam matri-
ces, is much lower than that by granular matrices at the
same Reynolds number. Metal foams include small fila-
ments that are continuously connected in an open-celled
foam structure. Metal foam cells are usually polyhedrons
of 12–14 faces in which each face has a pentagonal or hex-
agonal shape (by five or six filaments). Due to the geomet-
ric complexity and the random orientation of the solid
phase of the porous medium, the solution of the transport
equations inside the pores is difficult to obtain. As such, the
foam cell geometric idealizations (such as cubic unit cell
model) has been employed for analytical and computa-
tional studies which can be inaccurate especially for com-
pressed metal foam modeling [32]. In an effort to
simulate flow through foam filaments computationally,
Boomsma et al. [33] modeled idealized open-cell metal
foams based on a fundamental periodic unit of eight cells.
Fluid flow was then modeled computationally utilizing a
three-dimensional cellular unit along with periodic bound-
ary conditions.

The strength of the foam depends mainly on the base
material and the relative density of the foam. Other prop-
erties, such as pore size, pore density, area density, fiber
size, and cell shape affect certain foam characteristics,
such as pressure drop and heat transfer [34,35]. Pore size
and relative density affect the foam’s flexibility [8]. The
pore size is specified by the diameter of the open space
in each of the cell faces. Typically this open space varies
between 0.3 mm and 4 mm [1]. The pore density is the
number of pores per unit length of the material specified
as PPI (pores per inch). The available pore densities vary
based on the foam material. However, the typical overall
uncompressed range is 5–100 PPI. The relative density is
the volume of solid foam material relative to the total vol-
ume of metal foam. As such, an increase in the relative
density improves the strength of the foam structure, since
the filaments become larger in diameter and stronger. The
area density is the ratio of the surface area of the foam to
its volume.
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Due to the high thermal conductivity and structural
strength of aluminum, the open-cell aluminum foams have
attracted the attention of researchers for heat exchanger
design. The porosity of a foam metal can be estimated
using the weight of a given volume of the sample and the
density of the metal. The average fiber diameter, df, can
be measured using a microscope, and the average pore
diameter, dp, can be estimated by counting the number of
pores in a given length of material. The pore density
(PPI) is a nominal value supplied by the manufacturer [36].

Du Plessis et al. [37] established models for pore diame-
ter estimation as a function of tortuosity, porosity, total
volume and fluid–solid interface area of a cubic representa-
tive unit cell (CRUC), a foam cell geometric approxima-
tion, and also represented as a function of the width of
the cubic representative unit cell (d = dp + df) (Table 1,
Eq. (1)). Other models by Du Plessis et al. [37,38] for pore
and fiber diameters are presented as functions of porosity,
turousity, and the width of the cubic representative unit cell
(Table 1, Eqs. (2)–(4)). Also, Calmidi [39] developed a
model for the fiber diameter estimation as a function of
porosity, pore diameter and shape function for a cubic unit
cell (Table 1, Eq. (5)). Calmidi [39] also presented a modi-
fied model utilizing three-dimensional dodecahedron unit
cell structure (Table 1, Eq. (6)). The authors showed that
this model has a maximum deviation of ±7% from mea-
sured values for pore and fiber diameters. Experimental
investigation of Bhattacharya et al. [40] indicates that the
tortuosity model by Du Plessis et al. [37] (Table 2, Eq.
(1)) is accurate mainly for high pore densities. Bhattach-
arya et al. [40] established a model for tortuosity as a func-
tion of porosity and shape function (G), which can cover a
wider range of pore densities and porosities [40] (Table 2,
Eq. (2)). The shape function includes the fiber cross section
variation with porosity.

An open-cell metal foam filled pipe is investigated by Lu
et al. [41]. The results show that the overall Nusselt number
of the pipe increases with an increase in the relative density
or pore density (PPI), especially when the thermal conduc-
tivity of the solid is much higher than that of the fluid.
Table 1
A synthesis of pertinent correlations for metal foam pore and fiber diameters

References Correlationa
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6e
v
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a Expressions for v are given in Table 2.
Although metal foams with low porosity and small pore
size (i.e. high pore density) are preferred for achieving high
heat transfer performance, they lead to a significant
increase in the pressure drop. However, larger pore size
materials can also lead to larger Nusselt numbers at higher
flow rates with relatively lower pumping power [12,13]. Lu
et al. [41] demonstrated that for low Reynolds numbers, the
effects of the thermal conductivity of the foam on heat
transfer is quite small. Therefore, cheaper and lower ther-
mal conductivity foams can be used at lower flow rates.
When low thermal conductivity foams are utilized, the
effect of pore density would be quite small. As such, higher
porosity foams can be employed for these cases resulting in
lower pressure drops. Compared to plain tubes, metal foam
filled tubes have significantly higher (up to 40 times) heat
transfer performance [41].

Klett et al. [42] indicated that solid foam radiators can
transfer heat an order of magnitude better than the fin radi-
ators. Boomsma et al. [18] indicated that the thermal resis-
tances generated by the compressed open-cell aluminum
foam heat exchangers were two to three times lower than
the commercially available heat exchangers, while requir-
ing about the same pumping power. Bhattacharya and
Mahajan [24] studied the finned metal foam heat sinks
for electronic cooling in which the air gap between two
adjacent longitudinal fin heat sinks was replaced by high
porosity metal foams. The results display that the heat
transfer was enhanced by a factor of 1.5–2. Kim et al.
[43,44] examined heat transfer through aluminum foams
inserted between two isothermal plates. Their results show
that the foam material have better heat transfer perfor-
mance compared to the conventional array fins, but subject
to a greater pressure drop. As such, metal foam heat
exchangers provide a significant improvement over the
commercially available heat exchangers, which operate
under similar conditions.

Modeling or measurement techniques have been devel-
oped for effective thermal conductivities of solid–fluid
structures [40,45–54]. Dukhan and Quinones [55] have sta-
ted that the effective thermal conductivity of the aluminum
Equation Nos.

e � d
3� vÞ

(1)

ffiffiffi
e
v

r �
d

(2–3)

(4)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� eÞ

3p
1

1� e�ð1�eÞ=0:04

(5)

1:18

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� eÞ

3p

r
1

1� e�ð1�eÞ=0:04

(6)



Table 2
A synthesis of pertinent correlations for metal foam tortuosity and specific surface area

References Correlation Equation Nos.
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Calmidi and Mahajan [36]
asf ¼
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Fourie and Du Plessis [38]
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foams can be up to four times larger than that of the solid
aluminum thus substantially improving the heat transfer.
Boomsma and Poulikakos [54] have established a correla-
tion for the effective thermal conductivity. Their studies
indicate that changing the fluid conductivity has a rela-
tively small effect on increasing the effective thermal con-
ductivity. As such, the thermal conductivity of the solid
phase and porosity have the main effect on the overall effec-
tive thermal conductivity.

Calmidi and Mahajan [36] studied the solid-to-fluid heat
transfer from a heated metal channel brazed to an alumi-
num metal foam. Their results indicate that thermal disper-
sion is quite low when air is passing through the metal
foam. However, dispersion would be considerably larger
in the case of water, as it was previously represented by
Hunt and Tien [4]. The dispersion conductivity is usually
dominant at high Reynolds numbers, especially if the effec-
tive thermal conductivity is low [36]. Phanikumar and
Mahajan [56] investigated buoyancy driven flow through
metal foams. Their results indicate that at high Rayleigh
and Darcy numbers, the fluid and foam fiber temperature
difference would be significant requiring the utilization of
a local thermal nonequilibrium model (LTNE).

The assumption of local thermal equilibrium (LTE) has
widely been used in analyzing transport processes through
porous media. However, this assumption is not valid for
applications where a substantial temperature difference
exists between the solid phase and the fluid phase [57].
Amiri and Vafai [3,58] employed the generalized model
for the momentum equation and a two-phase model for
the energy equation, including axial and transverse thermal
dispersion to investigate forced convection and validated
their findings utilizing experimental investigations. They
presented detailed error maps for assessing the importance
of various simplifying assumptions that are commonly
used. In addition, they presented a comprehensive analysis
of transient incompressible flow including inertia and
boundary effects and the effects of thermal dispersion and
local thermal nonequilibrium (LTNE) in the energy equa-
tion [59]. Alazmi and Vafai [60] comprehensively investi-
gated the proper form of boundary conditions for
constant wall heat flux in porous media under LTNE con-
ditions. Effects of variable porosity and thermal dispersion
were also analyzed. Lee and Vafai [61] classified the heat
transfer characteristics through porous media within three
regimes, each of which is dominated by one of three dis-
tinctive heat transfer mechanisms: fluid conduction, solid
conduction and internal heat exchange between solid and
fluid phases and presented pertinent analytical expressions
for each regime. Marafie and Vafai [57] investigated analyt-
ically forced convection through a channel filled with a
porous medium, utilizing Darcy–Forchheimer–Brinkman
model and local thermal nonequilibrium energy transport
model. Analytical solutions were obtained for both fluid
and solid temperature fields incorporating the effects of
various pertinent parameters such as Biot number, the
thermal conductivity ratio, Darcy number and inertial
parameters.

2. Pressure drop and heat transfer correlations for metal

foam heat exchangers

Pressure drop and heat transfer coefficient are the two
important factors to be considered in designing a heat
exchanger. The available correlations in the literature
for metal foam heat exchangers can be classified in terms
of three pertinent categories. In the first category, the cor-
relations are independent of heat exchanger geometry and
function of microstructure of the foam. In this category
the friction factor and pressure drop can be estimated
directly through the correlations or through the Ergun
equation utilizing the pertinent correlations for permeabil-
ity and inertial coefficient for metal foams. In the second
category, the correlations are developed for the foam
filled tube heat exchangers. Based on the correlations
within this category, a tube heat exchanger can be
designed for applications where the inner tube, the outer
tube or both are filled with foam metals. The third cate-
gory relates to metal foam channel heat exchangers filled
with foam metals.

In what follows, these three categories are discussed in
more detail. The results given for these categories are based
on thermally and hydraulically fully developed flow.
Furthermore, all thermodynamic properties of the solid
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and fluid are considered to be temperature independent
and natural convection and radiation are assumed to be
negligible and the porous medium is assumed homogenous
and isentropic. A synthesis of pertinent correlations for
metal foam pore and fiber diameters is presented in Table
1. A synthesis of pertinent correlations for metal foam tor-
tuosity and specific surface area is presented in Table 2 and
a synthesis of fluid and thermal transport models of metal
foam heat exchangers is given in Table 3.

2.1. Category I: Microstructural based correlations for metal
foam heat exchangers

Paek et al. [47] and Liu et al. [31] have established friction
factor models to predict the pressure drop. In the empirical
model by Paek et al. [47], friction factor is a function of pore
Reynolds number (Table 3, Eq. (1)). Liu et al. [31] presented
empirical correlations for the friction factor of airflow
through aluminum metal foam with different porosities at
different fluid regimes (Table 3, Eqs. (2)–(4)). Pressure drop
can be estimated through Ergun relationship established for
granular porous material (Table 3, Eq. (5)) [62].

The other cited models for pressure drop prediction are
mainly permeability and inertial coefficient correlations for
Forchheimer extended Darcy’s equation for homogenous
and isotropic porous media given as:

� dP
dx
¼ l

K
uþ qFffiffiffiffi

K
p u2

One of the systematic evaluations of permeability and
inertia coefficient of metal foams is done by Vafai and Tien
[7] utilizing experimental and theoretical investigations.
They reported values of 1.11 � 10�7 m2 and 0.057 for per-
meability and inertia coefficient, respectively in a manner
similar to those experimentally reported later [3]. Du Ples-
sis et al. [37] established a theoretical model for prediction
of inertial coefficient and permeability utilizing a cubic rep-
resentative unit cell (CRUC) concept, along with experi-
mental measurements. The CRUC resembles three-
dimensional fluid flow around a metallic wire. The correla-
tions are functions of porosity, average pore diameter, and
tortuosity (Table 3, Eqs. (6) and (7)). The width of the
cubic representative unit cell (d) can be calculated from
Eq. (2) (Table 1). In an experimental and analytical work
by Calmidi [39], inertial parameter and permeability were
modeled as functions of average pore and fiber diameters
and porosity (Table 3, Eqs. (8) and (9)). As it was men-
tioned earlier, the author developed a model for df/dp as
a function of porosity (Table 1, Eqs. (5) and (6)).

In an experimental and analytical work, Bhattacharya
et al. [40] established a correlation for the inertial coeffi-
cient as a function of porosity, tortuosity, shape factor
and form drag coefficient (Table 3, Eqs. (10)–(13)). For
permeability, they used the model proposed by Du Plessis
et al. [37]. The theory of flow over bluff bodies was
employed to predict the inertial coefficient. Dukhan [32]
established empirical correlations for permeability and
inertial coefficient as a function of porosity (Table 3, Eqs.
(14) and (15)). In their model, permeability had an expo-
nential dependence on porosity. This behavior was also
observed in presented data of Antohe et al. [63] in which
hydraulic characterization of compressed aluminum foams
were investigated experimentally. Tadrist et al. [64] estab-
lished an empirical model for inertial coefficient and perme-
ability estimation based on Ergun relationship as functions
of porosity and fiber diameter (Table 3, Eqs. (16) and (17)).
A theoretical model is established for inertial coefficient by
Fourie and Du Plessis [38] utilizing an ordered array of tet-
rakaidecahedra geometric idealization (Table 3, Eqs. (18)
and (19)). The inertial coefficient is a function of porosity,
tortuosity and form drag coefficient (CD) which depends on
the Reynolds number. For permeability, they suggested the
model proposed by Du Plessis et al. [37].

For heat transfer calculations, Calmidi and Mahajan
[36] and Shih et al. [65] developed correlations for interfa-
cial heat transfer parameters and pore diameter Nusselt
numbers. In experimental and numerical works by Calmidi
and Mahajan [36], correlations for the specific solid–fluid
interfacial surface area, interfacial Nusselt number and
heat transfer coefficient were established as a function of
fiber and pore diameter and porosity (Table 2, Eq. (3)
and Table 3, Eq. (20)). In their numerical simulation, a
semi-empirical volume averaged form of the governing
equations was utilized invoking local thermal nonequilibri-
um technique. The interfacial terms couple the solid and
fluid phase thermal nonequilibrium energy equations. The
interfacial heat transfer models [36] are based on a correla-
tion by Zukauskas [66] for cylinders in cross-flow in the
range of Reynolds numbers (40–1000). Zukauskas’s models
were also employed by Lu et al. [41], Zhao et al. [67], and
Phanikumar and Mahajan [56] for interfacial heat transfer
coefficient prediction. Since the temperature gradients in
radial direction within the fibers are expected to be small,
utilization of the Nusselt number correlation for external
flow over a body of an appropriate cross section appears
to be a reasonable approximation. The coefficient (CT)
was confirmed by matching the experimental and numeri-
cal data [36]. The specific solid–fluid interfacial surface area
(asf) was developed for arrays of parallel cylinders
emplaced in three mutually perpendicular directions utiliz-
ing dodecahedra unit cell geometric modeling (Table 2, Eq.
(3)). Another model for specific surface area (asf) was estab-
lished by Fourie and Du Plessis [38] based on the cubic rep-
resentative unit cell (CRUC) (Table 2, Eq. (4)). In an
experimental investigation by Shih et al. [65], pore diameter
Nusselt number is established as a function of pore diame-
ter and porosity (Table 3, Eq. (21)).

2.2. Category II: Metal foam tube heat exchangers

In an analytical investigation by Lu et al. [41,67], a metal
foam tube heat exchanger is modeled and pertinent corre-
lations for friction factor, pressure drop and heat transfer



Table 3
A synthesis of fluid and thermal transport models of metal foam heat exchangers

Category References Correlation Equation Nos.
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Category II: Metal foam tube
heat exchangers
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where, J0 and J1 are Bessel functions. These correlations are
developed for the foam filled inner tube of the heat exchanger.
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Nuo ¼
2ho

kf

ðR2 � R1Þ ¼
2qwðR2 � R1Þ
kfðT w � T f ;boÞ

¼ � kse

kfhf ;bo

2ðR2 � R1Þ
R1

Da ¼ K

R2
1

(31–32)

where, J0, J1, Y0 and Y1 are Bessel functions. These correlations are developed
for the foam filled outer tube of the heat exchanger.

Category III: Metal foam channel
heat exchangers

Kim et al. [43]
ðDP=LÞH

qu2
¼ f ¼ 1

ReH � Da
þ 0:105

Da1=2
ReH ¼

uH
t

Da ¼ K

H 2
(33–35)

For 270 < ReH < 2050 j� ¼ U
qcpu

Pr2=3 ¼ 13:73ðRe�0:489
H Da0:451Þ (36)

Kim et al. [44] For 1000 < ReH < 3000 Nu ¼ 0:0159Re0:426
H Pr1=3Da�0:787 (37)

Lee and Vafai [61] Nu ¼ 12
1þ j

j
1

1þ 3
Bið1þjÞ 1� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Bið1þjÞ=j
p tanhð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bið1þ jÞ=j

p
Þ

� �� � j ¼ kfe

kse

Bi ¼ hsf asf H 2

4kse
(38–40)

Marafie and Vafai [57] Nu ¼ hwDh

kfe

¼ �4

jhf ;b

¼ �4

j
R 1

0
2

P4

i¼1

CiðY Þ

a1
� l

2a1
Y 2 þ C3

a2
1

sinhða1Y Þ þ C4

a2
1

coshða1Y Þ þ C5

0
B@

1
CAdY

Y ¼ 2y
H

(41–42)

The variables in the above equation (Ci, a1, C3, C4, C5) are specified in the reference
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coefficient (overall Nusselt number) are presented (Table 3,
Eqs. (22)–(32)). The Brinkman-extended Darcy model and
two-equation heat transfer model for porous media were
utilized to develop the correlations. The solution of dimen-
sionless bulk mean fluid temperature for inner and outer
tubes are presented by Lu et al. [41] and Zhao et al. [67].
Three different heat exchangers can be modeled with these
correlations: the case where the inner tube of the heat
exchanger is filled by the metal foam [41]; the case where
the inner tube is surrounded by a metal foam [67]; and
the case where the inner tube is filled and surrounded by
metal foams [41,67]. The heat flux through the wall of
the inner tube is assumed to be constant. Although the
pressure drop correlation is arranged based on the heat
exchanger tube’s diameter, the results indicate that the
pressure drop is mainly a function of foam microstructure
and it is caused by the foam solid structure rather than the
pipe wall.

2.3. Category III: Metal foam channel heat exchangers

Kim et al. [43] established correlations for friction factor
and overall heat transfer coefficient for metal foam channel
heat exchangers via experimental techniques (Table 3, Eqs.
(33)–(36)). The suggested friction factor equation is in good
agreement with the correlation suggested by Beavers and
Sparrow for the nickel foam metals [43,68]. In another
work by Kim et al. [44], an empirical correlation for Nus-
selt number is established (Table 3, Eq. (37)). Lee and
Vafai [61] developed an analytical solution for temperature
distribution within a channel filled with a porous medium
and subject to a constant heat flux boundary condition.
They established an analytical relationship for Nusselt
number as a function of solid and fluid effective thermal
conductivities and solid–fluid interfacial characteristics uti-
lizing local thermal nonequilibrium model (Table 3, Eqs.
(38)–(40)). Marafie and Vafai [57] established analytical
relationships for Nusselt number and temperature distribu-
tion for the channel subject to a constant heat flux utilizing
Darcy–Forchheimer –Brinkman model and local thermal
nonequilibrium model (Table 3, Eqs. (41) and (42)).
Table 4
Friction factor and pressure drop of two types of metal foam heat exchangers

Case Hot gas
velocity
(m/s)

Hot gas
flow rate
(m3/s)

Hot gas
Reynolds
number

Foam filled tube/ch

f DP/L
(Pa/m)

Metal foam tube
heat exchanger

5 3.93 � 10�4 2108 0.6373 5754

10 7.85 � 10�4 4216 0.4287 15481
10 3.14 � 10�3 8433 0.4287 15481

Metal foam
channel heat
exchanger

5 3.93 � 10�4 1869.7 4.13 10965.7
3. Performance evaluation of metal foam heat exchangers

Two types of counter flow metal foam heat exchangers
are investigated to evaluate the efficiency improvement
via inserting an aluminum foam in a heat exchanger. These
are metal foam tube and channel heat exchangers. This is
done by considering the generated heating and required
pumping power to overcome the pressure drop. For the
tube case, the inner tube is filled with the metal foam and
for the channel case, the channel is filled with a metal foam.
The working fluids are cold water and hot exhaust gas with
properties of a mixture of 90% air and 10% CO2. Porosity,
permeability, pore density and mean pore diameter of the
foam matrix are taken as 0.9272, 0.61 � 10�7 m2, 23 PPI,
and 0.00202 m, respectively. To evaluate friction factor,
heat transfer coefficient and the overall heat transfer in
the heat exchangers, Moody chart, pertinent correlations
in the literature and the logarithmic mean temperature dif-
ference method were utilized [69].

3.1. Metal foam tube heat exchanger

The friction factor and required pumping power for two
types of heat exchangers, with and without foam metal, are
presented in Table 4 and the corresponding heat transfer
coefficient and heat transfer rate for these heat exchangers
are given in Table 5. Since the pressure drop is mainly
affected by foam microstructure properties not the tube
wall, changing the diameter of tube does not have a signif-
icant effect on the pressure drop. Note that increasing the
velocity in both foam filled and plain tubes decreases the
friction factor. The required pumping power is also pre-
sented in Table 4. Two pumping scenarios are considered
here, an ideal efficiency case (g = 100%) and a low effi-
ciency case (g = 30%).

Comparison of the heat transfer rates for the foam
filled and the plain heat exchangers indicates a consider-
able increase in the heat transfer rate (8–13 times) when
the metal foam is utilized (Table 5). An increase in flow
rate (via velocity or tube diameter) will increase the heat
transfer rate in both foam filled and plain heat exchang-
compared to the plain heat exchangers

annel Plain tube/channel Pressure drop
ratio

ðDP=LÞFoamFilled

ðDP=LÞPlain

P p;g¼100%

L
(W/m)

P p;g¼30%

L
(W/m)

f DP/L
(Pa/m)

P p;g¼100%

L
(W/m)

P p;g¼30%

L
(W/m)

2.26 7.53 0.045 52.9 0.021 0.07 108.8

12.15 40.5 0.038 178.7 0.14 0.47 86.6
48.6 162 0.031 72.9 0.229 0.76 212.3

4.31 14.37 0.034 45.1 0.018 0.06 243.1



Table 5
Heat transfer coefficient, heat transfer rate and performance factor of two types of metal foam heat exchangers compared to the plain heat exchangers

Case Hot gas
velocity
(m/s)

Hot gas
flow rate
(m3/s)

Hot gas
Reynolds
number

Foam filled tube/channel Plain tube/channel
ðq=LÞFoamFilled

ðq=LÞPlain
Performance factor
ðq�P p;gÞFoam Filled�ðq�P p;gÞPlain

ðq�P p;gÞPlain�100

Nu h

(W/m2 K)
q/L
(W/m)

Nu h

(W/m2 K)
q/L
(W/m)

Ideal
efficiency
(g = 100%)

Low
efficiency
(g = 30%)

Metal foam tube
heat exchanger

5 3.93 � 10�4 2108 700 2296 563 9.34 30.6 44.28 12.71 1167% 1156%

10 7.85 � 10�4 4216 1400 4592 611.37 16.27 53.4 73.64 8.3 715% 680%
10 3.14 � 10�3 8433 2100 3444 1014.15 28.33 46.46 127.6 7.95 658% 572%

Metal foam
channel heat
exchanger

5 3.93 � 10�4 1869.7 98.2 363.46 86.94 3.61 13.36 5.67 15.3 1362% 1193%
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ers. Since flow rate may also increase the pressure drop,
there is a need to also evaluate the net power. As such, a
performance factor is introduced which represents the
effects of both inserting metal foam in the heat exchanger
and the losses due to the use of a pump. In Table 5, the
net power is predicted based on the heat transfer rate
and the required pumping power to overcome the pres-
sure drop. As the table indicates the net power can
increase by 1156% when inserting the metal foam even
when utilizing a low efficiency pump (g = 30%). As such,
microstructure properties of the foam metal, flow proper-
ties (flow rate, velocity, Reynolds number, . . .) and tube/
channel geometry should be taken into account to design
an optimized heat exchanger.

3.2. Metal foam channel heat exchanger

The dimensions of the foam channel are taken in a way to
result in the same flow rate as the tube heat exchanger. As
expected, there is an increase in the pressure drop when
inserting the metal foam (Table 4). As seen in Table 5, the
heat transfer rate is enhanced by more than 15 times and
the performance factor which represents the net produced
power increases by more than 1100% by inserting the metal
foam.

4. Conclusions

Metal foam heat exchangers have substantial advanta-
ges compared to commercially available heat exchangers
under nearly identical conditions. They provide substan-
tially more heat transfer surface area, and more boundary
layer disruption and mixing resulting from foam filaments.
This leads to considerably larger heat transfer rates. Metal
foam microstructural properties, such as pore size, pore
density, relative density, and porosity, control the heat
transfer processes. Decreasing the pore size or porosity or
increasing the relative density or pore density results in
higher heat transfer and pressure drop. For a specific appli-
cation, a compromise between the heat transfer rate and
pressure drop should be employed. Metal foams are classi-
fied as highly porous and tortous materials. For many
foam metal applications, it is best to employ the local ther-
mal nonequilibrium (LTNE) form of the energy equation.
For the LTNE model, the solid-to-fluid heat transfer coef-
ficient can be estimated based on modified correlations for
flow over a cylinder. In this work, the pertinent models for
flow and thermal transport through metal foam heat
exchangers were categorized and discussed in some detail.
Two prominent types of heat exchangers, namely, the tube
and channel heat exchangers were investigated to evaluate
the effect of metal foams on heat exchanger performance.
The results indicate a considerable improvement in perfor-
mance by inserting the metal foam. The effect of this
increase on the pressure was also investigated. It was found
that even a low efficiency pump might be enough to over-
come the additional pressure drop.
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