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Estimating Heat and Fluid Flow Characteristics in Metal Foams
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Abstract: A three-dimensional numerical model is proposed to determine heat and fluid flow characteristics in metal
foams. A series of full three-dimensional numerical calculations was performed to reveal complex three-dimensional ve-
locity, pressure and temperature fields within three-dimensional porous structures of the metal foams. These numerical re-
sults are processed to obtain the macroscopic characteristics such as the permeability, inertia, dispersion and interstitial
heat transfer coefficients. An effective pore diameter concept has been proposed to correlate the resulting heat and fluid

flow characteristics with available empirical correlations.
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INTRODUCTION

Metal foam materials have complex and irregular struc-
ture, and there are many pores with different sizes (see
Fig. 1). They have meandering flow paths and large surface
area as well as low density. And they have high thermal
conductivity. Because of these characteristics, high perform-
ance of heat transfer between the fluid and solid phases can
be achieved using such foams with high permeability. There-
fore, metal foam materials can be used for high performance
heat exchangers. Heat and fluid flow characteristics must be
explored to optimize these equipments. Recently, consider-
able attention has been directed to numerical investigations
[1-4]. However, heat transfer characteristics in metal foams
have not been fully investigated numerically. Moreover,
there is no general method to determine the characteristic
length of three-dimensional numerical models yet.

In this study, we shall conduct a numerical study on heat
and fluid flow in metal foam using a three-dimensional nu-
merical model of periodical structure. In order to capture
irregularities in real foams, quantities calculated at specific
flow angles are ensemble-averaged over the flow angle. A
rational way to evaluate the effective pore diameter, which is
used as the characteristic length of present three-dimensional
numerical model, is proposed. Permeability, Forchheimer
coefficient, thermal dispersion and volumetric heat transfer
coefficient are determined by spatially averaging micro-
scopic numerical results. The validity of the present numeri-
cal model and the effective pore diameter are examined by
comparing the numerical results with available empirical
correlations. Furthermore, an interesting relationship be-
tween the thermal dispersion conductivity and the volumet-
ric heat transfer coefficient is elucidated.
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NUMERICAL MODEL AND METHOD

We shall consider heat and fluid flow through a foam
heated at constant temperature 7; as shown in Fig. (2a).
Governing equations for the fluid phase are given as follows.

V.i=0 (1)
p,(i-V) i =-Vp+uvi 2)
pc, ii-VT =k VT 3)

where the subscripts /" denotes the fluid phase. p, ¢,, k and
are density, specific heat, thermal conductivity and viscosity,
respectively. Since the structure is periodic, numerical do-
main can be limited to a structural unit (see Fig. (2b)) ex-
ploiting periodic boundary conditions. The macroscopic
flow direction is set in terms of « and [ as shown in Fig.
(2¢). Calculations are performed for various sets of o and f3,
and these results are ensemble-averaged to determine the
representative characteristics. The boundary and compatibil-
ity conditions are set as follows [5].
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(a) Metal foam material

Fig. (1). Foam material.

(a) Three dimensional numerical model

Fig. (2). Numerical model.
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Fig. (3). Generation of a structural unit.
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(b) A structural unit (¢) Macroscopic flow direction

All calculations are conducted for a structural unit using
grid nodes 151x151x151, to ensure grid independency.
Fig. (3) shows a procedure to generate a structural unit. A
cubic space (HxHxH) is subtracted by spheres (D) placed at
vertices and the center of the cube. All structural units used
in calculations are shown in Fig. (4). Present three-
dimensional numerical model has the same structure with
Kelvin model [6]. There are two kinds of pores A and B with
different sizes. But only pore A is in low porosity. The po-
rosity is set from £€=0.839 to ¢=0.964 by changing D.

In general way, a diameter of pore is determined by im-
age analysis [7] or rational method [8]. From these methods,
a pore diameter is not a pure diameter but an effective di-
ameter. Thus, the effective pore diameter to be used for a
characteristic length may be evaluated from

d == (10)
nw
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(a) £=0.839 by e =0.875

Fig. (4). Bird’s view of structural units.

(a) £-0.909

Fig. (5). Structural units observed from z axis.

There are two kinds of pores A and pore B in a structural
unit (see Fig. 5). Thus, the effective number of pores,
namely #, in unit projected area (H*xH) may be evaluated
from

2 2
— nAdmA + anmB l l
n=——r———= (1)
d . +d,

As indicated in the foregoing equation, the numbers of
the pore A and that of the pore B, namely n, and np, are
weighted by the corresponding projected diameters d,4 and
d,p, respectively. Note that d,,4 is much larger than d,,z such
that the effective number of pores 7 is closer to n, (=4) than
to np (=2)

Determination of Coefficients

The macroscopic pressure gradient is modeled according
to the Forchheimer extended Darcy model:

Lo o
ax K Py
The intrinsically averaged pressure gradient obtained
from the numerical calculations is correlated against the
foregoing equation to determine the permeability K and
Forchheimer coefficient . The details of this procedure may
be found elsewhere (5).

The macroscopic heat transport equation for the fluid
phase is given as follow:

pc,e(i)-v(r) =v. (sk/.V<T>f +%L k/.Td;l)

—ep,c, V- <T’ﬁ'>f + % J.A k,VT-dA

(13)

{c) £=0.905

{d) £=0.939 (e) &=0.964

(b) £=0.964

The second term on the right hand side of the equation is

modeled using the thermal dispersion tensor &, :

epc,, <T’ﬁ’>f = —ga~V<T>f (14)

In this study, only the axial component ky;yy is focused
as follows:

TsCor N =\
Wl e led
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(15)

The third term on the right hand side of equation (13) is
modeled using the volumetric heat transfer coefficient 4, as
follows:

L], kraa=n((ry (rY) 6

RESULTS AND DISCUSSION

The dimensionless permeability thus determined is plot-
ted against the porosity in Fig. (6a). In the same figure, the
empirical correlation [9] is plotted along with specific sur-
face variation. The permeability increases with the porosity
in accord with the empirical correlation, since the specific
surface area decreases resulting in the reduction of intersti-
tial viscous force.

In Fig. (6b), the effect of porosity on the Forchheimer
coefficient is presented with the empirical correlation [10].
The ratio of the diameter of pore A to the length of numeri-
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Fig. (6). Numerical results.
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Fig. (7). Relationship between the axial thermal dispersion conductivity and the volumetric heat transfer coefficient.

cal domain d,,,/H is also indicated in the same figure. The
Forchheimer coefficient decreases as increasing the porosity,
since d,,4/H increases the porosity diminishing the interstitial
form drag.

The axial thermal dispersion conductivity kg;xy is plotted
in Fig. (6¢), for €=0.909. The axial component ky;.xy is typi-
cally 20 to 100 times larger than the vertical one ky;yy. Thus,
the empirical correlation [11] for ky;yy is multiplied by 20
and 100 times, and plotted in the figure for comparison. The
present numerical results agree well with the line generated

by kuisyy<100. The exponent for the Reynolds number of
present numerical results is found to be 1.17, somewhat
larger than 1.

Fig. (6d) shows the dimensionless volumetric heat trans-
fer coefficient, namely Nusselt number Nu,, with the empiri-
cal correlation [11], for €=0.909. From the figure, interstitial
heat transfer is seen promoted as increasing Reynolds num-
ber. The volumetric heat transfer coefficient appears to be
proportional to Reynolds number to the power 0.61.
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All heat and fluid flow characteristics such as permeabil-
ity, Forchheimer coefficient, axial thermal dispersion con-
ductivity and volumetric heat transfer coefficient well agree
with empirical correlations. These results clearly indicate
that the present numerical method and the effective pore
diameter concept are valid.

The following relation holds between the interstitial heat
transfer coefficient and thermal dispersion [12]:

Nu, k sy / k,=C (RePr)Z
(17

where C is the proportional constant. Fig. (7) shows the
product Nu, kusyy / kr against the Pécret number, for ¢ =
0.909. The proportional constant C = 0.15 has been deter-
mined from the numerical results. The figure clearly indi-
cates that the proportional relationship [12] holds over a
wide range of the Peclet number.

CONCLUSIONS

In this study, we carried out numerical investigation of
heat and fluid flow though metal foams. The numerical re-
sults were processed to determine permeability, Forchheimer
coefficient, thermal dispersion conductivity and volumetric
heat transfer coefficient. The effective pore diameter concept
has been proposed to correlate the resulting heat and fluid
flow characteristics with available empirical correlations.
Present numerical results were well accord with available
empirical correlations. Moreover, the interesting relationship
between the axial thermal dispersion conductivity and the
volumetric heat transfer coefficient held over wide range of
Pécret number. These results indicate that the present nu-
merical method and the effective pore diameter concept are
valid.

NOMENCLATURE

Aine = interfacial area between fluid and solid
phases

b = Forchheimer coefficient

¢ = constant pressure specific heat

D = diameter of sphere

d, = the effective pore diameter

dia, App = projected diameters of pore A and that of
pore B

h, = volumetric heat transfer coefficient

H = length of numerical domain

i,j.k = unit vector in the x, y, z directions

k = thermal conductivity

i = thermal dispersion conductivity tensor

kais xx = axial thermal dispersion conductivity

K = permeability

GREEK SYMBOLS

o B = angles between the macroscopic velocity

vector and principal axis
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£ = porosity

u = viscosity

P = density

T = similarity factor

= the effective number of pores

o g = the number of the pore A and that of the
pore B

Nu, = dimensionless volumetric heat transfer
coefficient: Nusselt number

Pe = Peclet number

Pr = Prandtl number

Re = Reynolds number

T = temperature

U, v, w = velocity components in the x, y, z direc-
tions

u = velocity vector

14 = volume

X, V,z = cartesian coordinates

X = axis in the macroscopic flow direction

SUBSCRIPTS

f = fluid phase

s = solid phase

’ = deviation from volume averaged value
SPECIAL SYMBOLS

volume average

() -
() -
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