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Open-cell metal foams exhibit distinctive advantages in fluid con-
trol and heat transfer enhancement in thermal and chemical engi-
neering. The thermofluidic transport characteristics at pore scale
such as topological microstructure and morphological appear-
ance significantly affect fluid flow and conjugated heat transfer in
open-cell metal foams, important for practically designed applica-
tions. The present study employed an idealized tetrakaidecahe-
dron unit cell (UC) model to numerically investigate the transport
properties and conjugated heat transfer in highly porous open-
cell metal foams (porosity—0.95). The effects of foam ligaments
and nodes (size and cross-sectional shape) on thermal conduction,
fluid flow, and conjugated heat transfer were particularly studied.
Good agreement was found between the present predictions and
the results in open literature. The effective thermal conductivity
was found to decrease with increasing node-size-to-ligament
ratio, while the permeability and volume-averaged Nusselt num-
ber were increased. This indicated that the effects of node size
and shape upon thermofluidic transport need to be considered for
open-cell metal foams having high porosities.
[DOI: 10.1115/1.4037394]
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Introduction

Open-cell metallic foams possess distinctive properties such as
relatively low manufacturing cost, ultralow density, and high sur-
face area-to-volume ratio, and hence have been utilized in a wide
range of applications (e.g., microelectronics cooling [1], fuel cells
[2], and compact heat exchangers [3–6]). For such applications,
the knowledge of thermal and fluid transport characteristics for
metal foams is a key issue, enabling control of fluid flow, heat
transfer enhancement, planning and designing chemical engineer-
ing processes, optimal flow analysis, as well as practical design
[3–8].

To model the thermal and fluid transport in porous media, direct
numerical simulation on the reconstructed metal foam structural
model is capable of providing physical insight view of pore-
scaled features. The work of Boomsma et al. [9] was one of the
representative attempts to model the cellular foam topology as a
periodic cell structure for fluid and thermal transport in open-cell
metal foams. A representative elementary volume deduced from a
Kelvin cell (tetrakaidecahedron) was found to have a proper com-
patibility with the real foam geometry by subsequent investiga-
tions [10–14]. Krishnan et al. [15] computed the effective thermal
conductivity and permeability by assuming the pores to be spheri-
cal and compared different types of packing arrangement for mod-
eling foam geometry—body centered cubic, face centered cubic,
and the A15 lattice [16]. Huu et al. [17] employed the pentagonal
dodecahedron geometry to model mass transfer in open-cell metal
foams to illustrate the effect of foam ligament shape (e.g., slender
triangular or cylindrical rods) upon pressure drop. Lucci et al. [18]
reconstructed the foam geometry as randomly packed Kelvin cells
and conducted simulations on mass transfer. Their numerical
results showed good agreement with other investigations, indicat-
ing that packaging pattern may have little influence on mass trans-
fer. Zafari et al. [19] modeled convective heat transfer within the
range of Reynolds number 20–4500 using idealized tetrakaideca-
hedron unit cell (UC) model for open-cell foams and demon-
strated that such unit cell modeling could enjoy good precision.
Cunsolo et al. [13] investigated the effect of foam ligament shape
on radiative heat transfer and compared the Kelvin and
Weaire–Phelan geometric models in terms of hydraulic and heat
transfer features [14]. Their results indicated that different han-
dling of ligament shape can cause up to 50% difference in numeri-
cal model predictions. Consequently, the effect of foam ligament
shape cannot be neglected when building foam geometric models
from the microscopic point view.

1Corresponding authors.
Presented at the 5th ASME 2016 Micro/Nanoscale Heat & Mass Transfer

International Conference. Paper No. MNHMT2016-6457.
Contributed by the Heat Transfer Division of ASME for publication in the

JOURNAL OF HEAT TRANSFER. Manuscript received June 14, 2016; final manuscript
received March 13, 2017; published online August 16, 2017. Assoc. Editor: Chun Yang.

Journal of Heat Transfer JANUARY 2018, Vol. 140 / 014502-1Copyright VC 2018 by ASME

Downloaded From: https://heattransfer.asmedigitalcollection.asme.org on 02/14/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



To conclude the above-mentioned literature review, the cellular
morphology of a metal foam with open cells, such as pore diame-
ter, pore uniformity, and ligament shape, significantly affects its
fluid flow and conjugated heat transfer performances. Particularly,
there exist nodes where foam ligaments join together, and their
contribution to effective thermal conductivity has been recognized
by Calmidi and Mahajan [20], Bhattacharya et al. [21], Boomsma
and Poulikakos [22], and Yang et al. [12]. However, the influence
of node size and shape on fluid transport and conjugated heat
transfer has not been valued from the pore-scale point of view.
The present study, therefore, aimed to study systematically the
contribution of node size and shape to fluid transport and conju-
gated heat transfer in highly porous open-cell metal foams. A
modified Kelvin cell was selected as the representative unit cell of
the foam, and a series of pore-scaled computational fluid

dynamics (CFD) simulations were conducted to obtain effective
thermal conductivity, permeability, and conjugated heat transfer.
For validation, the direct simulation results were compared with
existing experimental and numerical data.

Numerical Simulations

Geometric Model. Open-cell aluminum (Al) foams (Fig. 1(a))
were assumed to have the topology of periodically distributed tet-
rakaidecahedron cells, which was in accordance with the present
observation and literature [20]. Each tetrakaidecahedron was con-
sisted of six square and eight hexagonal faces having uniform lig-
ament length (circular or square cross-sectional shape) and
thickness, with either cubic or spherical nodes. Accordingly, a
series of tetrakaidecahedron UCs were built. Figure 1(c) depicted

Fig. 1 (a) Highly porous open-celled aluminum (Al) foam fabricated
via precision casting, (b) scanning electronic microscope image of
foam topology, and (c) idealized tetrakaidecahedron UC consisted of
square cross-sectioned ligaments with spherical nodes and circular
cross-sectioned ligaments with cubic nodes
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two typical UCs, one having square cross-sectioned ligaments
with spherical nodes and the other having circular cross-sectioned
ligaments with cubic nodes.

Representative Mesh. For modeling effective conductivity
and permeability, only one UC was considered (Figs. 2(a) and
2(b)). For modeling conjugated heat transfer, a computational
domain consisting of two UCs and a short inlet and outlet region
was built to improve numerical stability (Fig. 2(c)). All tetrahe-
dron elements were applied to discretize the three geometrical
models, and grid refinement processing was conducted and a
three-layer prism mesh was generated as well to improve the
mesh quality of the interfaces between ligaments and interstitial
fluid. As heat conduction, periodic flow, and conjugated heat
transfer are different physical processes, the grid dependence was
separately checked in terms of temperature, pressure drop, and
volume-averaged Nusselt number. Three different meshes with
different tetrahedron elements were employed for CFD computa-
tions, and the comparisons were summarized in Table 1. It could
be observed from the results of Table 1 that all the predicted val-
ues from the last two meshes exhibited a deviation less than 1.4%,
favoring the utilization of the finer meshes for all subsequent
simulations.

Initial and Boundary Conditions. For effective conductivity
modeling, the initial temperatures for both the solid and fluid
domain were all kept as 293.15 K. The boundary conditions were
made as follows (Fig. 2(a)): the top and bottom surfaces are kept
at constant temperature with T1> T2. The other four faces were
treated as symmetry.

For permeability modeling, the UC same as the case of effec-
tive conductivity modeling was selected, with initial velocity of
fluid to be zero. Without considering heat transfer in this case,
thus only hydrodynamical boundary conditions were applied: the
left and right boundaries were translational periodic boundaries

(Fig. 2(b)) with a fixed mass flow rate, enabling thermally and
hydrodynamically fully developed flow, while symmetry bound-
ary conditions were applied upon the other four faces.

For conjugated heat transfer modeling, a computational domain
consisting of two UCs and a short inlet and outlet region was built
to improve numerical stability (Fig. 2(c)). Fully developed iso-
thermal laminar flow in an empty channel was first solved, and its
flow field was applied upon the inlet boundary to enable a fully
developed flow inlet. The outlet was set as “outlet” boundary (an
ANSYS-CFX flow boundary condition) with the conservative mass
flow rate equal to the inlet flow condition. A uniform heat flux of
5000 W/m2 was applied on the fluid–solid interface, while the
other faces were treated as symmetry and no-slip boundary.

Numerical Procedure. The modeling procedure employed for
fluid transport was similar to that for heat transfer: first, idealized
three-dimensional foam topology was reconstructed through Sol-
idworks 2015

TM

, and cubic (or spherical) nodes with various uni-
form sizes were created at ligament joints; second, the resulting

Fig. 2 Computational domain and representative mesh for (a) effective thermal conduc-
tivity modeling, (b) fluid flow modeling, and (c) conjugated heat transfer modeling

Table 1 Simulated flow and heat transfer parameters with dif-
ferent numerical meshes for foam UC with circular ligaments

Physical process Total elements Ts (K) Pin�Pout (Pa) Nuv

Heat conduction 495,635 332.27
733,841 333.45
984,452 333.47

Pressure drop 495,635 0.5842
733,841 0.5921
984,452 0.5937

Conjugated heat transfer 789,135 337.164 1.1324 36.548
1,234,879 338.022 1.1458 37.022
1,564,894 338.139 1.1473 37.131
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solid geometry was imported into ANSYS-ICEM 14.5
TM

for all
tetrahedron discretization; finally, the generated meshes were
imported into ANSYS-CFX 14.5

TM

for computations with three dif-
ferent boundaries and initial conditions for effective thermal con-
ductivity, permeability, and conjugated heat transfer modeling,
respectively, with double precision used for all computations. In
the present simulations, relevant thermophysical properties of Al
ligaments and the saturating fluid were assumed to be constant.
The fluid was treated as incompressible, and steady state was
assumed. The solution was thought to be converged when the
residuals of all the governing equations were less than 10�6.

Results and Discussion

Effective Thermal Conductivity. To validate the present
direct CFD simulations, numerical results for effective thermal
conductivity for air-saturated Al foam with square and circular
cross-sectional areas were first compared with existing experi-
mental data [12,20,23,24] and analytical model predictions [11]
for validation (Fig. 3(a)). A good agreement was found. Figure
3(b) plotted the effective conductivity as a function of node size
in dimensionless form. For a fixed porosity, a sharp decrease in
thermal conductivity as the dimensionless node size a (ratio of
node length to ligament thickness) was increased. For instance,
the thermal conductivity was reduced by 59% when the value of a

was increased from 1 to 4. Adopting the thermal tortuosity model
s ¼ ð1� eÞðks=keÞ; 0:9 � e < 1 [11], the thermal tortuosity was
increased from 2.47 to 5.88 as the node size ratio a was increased
from 1 to 4. This could be the direct reason underlying the
decreased effective conductivity of metal foams with a fixed
porosity but different node sizes.

Permeability. Permeability could be obtained through compar-
ing Forchheimer-extended-Darcy model with numerically pre-
dicted pressure drop. Figure 4(a) showed the comparison of the
predicted permeability (a¼ 1) with existing data in open litera-
ture, where a reasonable good agreement was found. The results
of Fig. 4(b) demonstrated that the permeability increased with
increasing node size. For a given node shape and node-to-
ligament size ratio but different ligament cross-sectional shapes
(e.g., a¼ 4 and spherical nodes), the permeability of a foam with
circular cross-sectional ligaments was higher than that with square
cross-sectional ligaments. Further, with a¼ 4 and circular cross-
sectional ligaments, foams with spherical nodes exhibited a higher
permeability than those with cubic nodes.

Heat Transfer Coefficient. The conjugated heat transfer was
directly evaluated by the pore-scaled Nusselt number, as

Nuc ¼
hcdp

kf
(1)

Fig. 3 Effective thermal conductivity of open-cell metal foam:
(a) comparison with experimental data and analytical predic-
tions in open literature and (b) effect of node size

Fig. 4 Numerically predicted permeability of open-cell metal
foam: (a) comparison with data in open literature, with a 5 1 and
(b) plotted as a function of node size
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where dp was the equivalent pore diameter of open-cell foam, kf

was the thermal conductivity of the cooling fluid, and hc denoted
the convective heat transfer between the heating metallic liga-
ments and the cooling fluid. Typically, hc took the form

hc ¼
q

hTsi � hTf i
(2)

where q was the imposed heat flux on solid ligaments, the symbol
h i denoted volume-averaging calculation, and Ts and Tf were the
temperature for solid ligaments and interstitial fluid, respectively.
As the specific area (area-to-volume ratio) was thought to be one
reason why metal foams could greatly enhance forced convective
heat transfer, a modified Nusselt number that accounted for the
specific area contribution was needed. Cunsolo et al. [14] sug-
gested a volume-averaged Nusselt number (Nuv) as

Nuv ¼ Nuc
S

V
dp

� �
(3)

where S/V was the specific area of the UCs in the control volume.
The Reynolds number is defined as follows:

Re ¼ qUinletdp

g
(4)

where q and g are the density and dynamic viscosity for the fluid,
Uinlet is the mean inlet velocity, and dp denotes the equivalent

pore diameter (pore size) for open-cell foam. dp can be mathe-
matically calculated by the diameter of an equivalent sphere that
occupied the same volume as the void space in a tetrakaidehedron
cell.

Figure 5(a) compared the present numerical results of Nuv with
the numerical simulation results of Cunsolo et al. [14], with good
agreement achieved. Note that Cunsolo et al. [14] employed the
Kelvin cell inscribed by a sphere to simulate the convective heat
transfer. Due to the inscription process, the ligaments in such cells
had an irregular cross-sectional shape other than square or circu-
lar. Even so, the good agreement revealed that ligament cross-
sectional shape had little influence upon convective heat transfer
performance. Figure 5(b) plotted the volume-averaged Nusselt
number as a function of node-to-ligament size ratio. It was
observed that volume-averaged Nusselt number increased with
increasing node size. A 27.6% and 20.5% increase was found
when the node-to-ligament size ratio was increased from 1 to 4
for foam with cubic and spherical nodes, respectively. For a given
node-to-ligament size ratio (e.g., a¼ 4), the volume-averaged
Nusselt number for the case with square ligaments and cubic
nodes outperformed the other three cases. This was mainly attrib-
uted to the fact that the foam with square ligaments and cubic
nodes had the largest specific area, as shown in Fig. 6. Conse-
quently, the specific area still played a dominating role in enhanc-
ing heat transfer, even for high porosity foams. In comparison, the
contribution of ligament cross-sectional shape to convective heat
transfer was less significant.

Conclusions

The effective thermal conductivity, permeability, and conju-
gated heat transfer of highly porous open-cell metal foams were
numerically investigated. Idealized tetrakaidecahedron unit cells
were periodically packed, with relatively big ligament nodes con-
sidered to better mimic the real foam geometry. The predicted
results for effective thermal conductivity, permeability, and heat
transfer rate agreed with experimental and numerical data in open
literature, validating the method of direct simulation for fluid flow
and thermal transport in open-cell metal foams.

For the studied porosity (0.95), the effective thermal conductiv-
ity was reduced by 59% when the node-to-ligament ratio
increased from 1 to 4, while the permeability and volume-
averaged Nusselt number increased by 16% and 27.6%. Both the
node and ligament cross-sectional shape had little influence on the
effective thermal conductivity, but affected significantly the per-
meability and volume-averaged Nusselt number. While metal
foams with circular ligaments and spherical nodes exhibited the
highest permeability, those with square ligaments and cubic nodes
had the highest volume-averaged Nusselt number. In summary,

Fig. 5 Volume-averaged Nusselt number plotted as a function
of (a) Reynolds number and (b) node-to-ligament size ratio for
e 5 0.95

Fig. 6 Specific area for four typical foam UCs
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when analyzing the transport properties and conjugated heat trans-
fer in high porosity metal foams with open cells, the effects of
node size should be considered.
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Nomenclature

dp ¼ equivalent pore diameter, m
hc ¼ convective heat transfer coefficient between metal foam

surface and interstitial fluid, W m�2 K�1

K ¼ permeability of metal foam, m2

ke ¼ effective thermal conductivity of open-cell metal foam, W
m�1 K�1

kf ¼ thermal conductivity of interstitial fluid, W m�1 K�1

ks ¼ thermal conductivity of metallic ligaments, W m�1 K�1

L ¼ length of the computational domain along main flow
direction, m

Nuc ¼ Nusselt number at pore scale
Nuv ¼ volume-averaged Nusselt number

p ¼ pressure, Pa
pin ¼ pressure at inlet, Pa

pout ¼ pressure at outlet, Pa
q ¼ imposed heat flux, W m�2

Re ¼ Reynolds number based on the pore-scale characteristic
length

S ¼ surface area of open-cell metal foam, m2

hTfi ¼ volume-averaged temperature of interstitial fluid, K
hTsi ¼ inner surface-averaged temperature of metal foam, K

U ¼ mean inlet velocity, m s�1

V ¼ volume of the computational domain for metal foam, m3

x ¼ coordinate

Greek Symbols

a ¼ node-to-ligament size ratio
e ¼ porosity for open-cell metal foam
l ¼ dynamic viscosity, Pa�s
q ¼ density, kg m�3

s ¼ thermal tortuosity
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