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Abstract

In this paper, we present a comprehensive analytical and experimental investigation for the determination of the
effective thermal conductivity (k.), permeability (K) and inertial coefficient (f) of high porosity metal foams. In the first
part of the study, we provide an analysis for estimating the effective thermal conductivity (k.). Commercially available
metal foams form a complex array of interconnected fibers with an irregular lump of metal at the intersection of two
fibers. In our theoretical model, we represent this structure by a model consisting of a two-dimensional array of
hexagonal cells where the fibers form the sides of the hexagons. The lump is taken into account by considering a circular
blob of metal at the intersection. The analysis shows that k. depends strongly on the porosity and the ratio of the cross-
sections of the fiber and the intersection. However, it has no systematic dependence on pore density. Experimental data
with aluminum and reticulated vitreous carbon (RVC) foams, using air and water as fluid media are used to validate the
analytical predictions.

The second part of our paper involves the determination of the permeability (K) and inertial coefficient (f) of these
high porosity metal foams. Fluid flow experiments were conducted on a number of metal foam samples covering a wide
range of porosities and pore densities in our in-house wind tunnel. The results show that K increases with pore diameter
and porosity of the medium. The inertial coefficient, f, on the other hand, depends only on porosity. An analytical
model is proposed to predict / based on the theory of flow over bluff bodies, and is found to be in excellent agreement
with the experimental data. A modified permeability model is also presented in terms of the porosity, pore diameter and
tortuosity of our metal foam samples, and is shown to be in reasonable agreement with measured data. © 2002
Published by Elsevier Science Ltd.

1. Introduction ¢ > 0.9. For these types of media, the published studies

are relatively few.

Convective transport in porous media has been
studied extensively for over 150 years now, see [1-5] for
excellent reviews on this subject. Majority of the studies
reported in literature deal with naturally occurring low
porosity media such as packed beds and granular media.
For these, ¢ varies from 0.3 to 0.6. The subject matter of
this paper is high porosity fibrous metal foams for which
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Fig. 1(a) shows a picture of the metal foam. It has an
open-celled structure composed of dodecahedron-like
cells (Fig. 1(b)), which have 12-14 pentagonal or hex-
agonal faces. The edges of these cells are composed of
metal fibers and, typically, there is a lumping of solid
material at the intersection of fibers. The fibrous matrix
is made of aluminum alloy T-6201, which has a thermal
conductivity of 218 W/m K. Two quantities, the porosity
(¢) and the pore density are used to describe the porous
medium, where the latter is typically expressed in units
of pores per inch (PPI). The cross-section of the metal
fiber is a function of porosity, and changes from a circle
at ¢ = 0.85 to an inner concave triangle at ¢ = 0.97 [6,7].

Calmidi [6] proposed an open cell representation, as
shown in Fig. 1(b), to approximate the metal foam
structure. It is shaped as a cube of unit volume, with
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Nomenclature

a length scale for a dodecahedron; coefficient
for curve fit equations (kg/m’ s)

A correlation constant for thermal conductivity;

cross-sectional area (m?)

coefficient for curve fit equations (kg/m®)

form drag coefficient

distance between thermocouples in the

insulation (m); diameter (m)

inertial coefficient

geometric function

height of the foam sample used for thermal

conductivity measurements (m)

permeability (m?)

thermal conductivity (W/m K)

half length of each side of hexagonal

intersection (m)

half length of fiber (m); length of metal foam

samples for pressure drop (m)

number of fibers in x or y direction in the

z-plane in the unit cube, Fig. 1(b)

pressure (N/mz)

rate of heat input (W)

loss  Tate of heat loss from the top and sides (W)

radius of the circular intersection (m)

geometric parameter, #/R

shape function, Eq. (26)

half thickness of fiber (m)

temperature (K)

~ ~ >
x T Q =0

™~

=

NT LT IO

u velocity (m/s)

124 volume (m?)

y characteristic ~ length in  the
conductivity model (m)

thermal

Greek symbols

A difference

p density of fluid (kg/m’)

I viscosity of fluid (N/m s)

e porosity

0 effective angle of inclination of fiber

b4 tortuosity, Eq. (18)

Subscripts

o, amb
ambient

1,2 refers to the characteristic lengths in the
thermal conductivity model

c cross-section

e effective

f fiber (for diameter), fluid

ar thermal grease

LIL IO, IV, V

refers to the different layers in the thermal
conductivity model

m metal foam
p pore

S solid

sf solid—fluid
st Styrofoam
tot total

porosity ¢, with N2 fibers of diameter d; and N? pores of
diameter dj, in each of the x,y,z directions. Thus, for a
giving porosity ¢, we can represent the total solid volume
of the cube as

2
3N2><%><1:(1—s)x13.

Further, noting that N = 1/d,,, we obtain

dy 1—el
LI I e 1
d, 3n G’ (m)

where G is a shape function that takes into account the
variation of fiber cross-section with porosity [6,7] and is
given by G = 1 — g~ (1-9/004,

Next, we modify Eq. (1) to reflect the difference be-
tween the open cell representation and the three-di-
mensional dodecahedron structure. First, d,, in Eq. (1)
should be replaced by the characteristic cell size, a,
which can be determined by counting the number of
cells in a given length of foam and repeating the pro-
cedure over different lengths to get an average value.
Further, for the orientation in Fig. 1(b), it can be shown

that of the 30 edges, 10 edges are inclined at an angle
o =0° 10 at an angle = 58.27°, and 10 at an angle
vy = 31.72° to the horizontal. The distance, a, between
two parallel pentagons is, thus, given by

a = (2sin 58.27° + sin 31.72°)1 = 2.231, (2)

where / is the length of one side of the pentagon. Next,
the equivalence between the two structures is achieved
by assuming that the square face formed by the cylinders
has the same area as the pentagonal face formed by the
fibers in the dodecahedron. Since the interior angle of a
regular pentagon is 108°, its area can be written as

‘l [}
A=5 [o.sz(é tan 028 )} = 1721 = 0.354° (3)

(using Eq. (2)). Equating this to the area of a square
face of the cube, having side d,, we get
dy, = v/0.35a%> = 0.59a. Using this result in Eq. (1) and
replacing a by d, we get

& T—¢l
7= 18y /. (4)
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Fig. 1. (a) Samples used in [52] (left) and present study (right). (b) Open cell representation of metal foam and schematics of the fiber

cross-sections at different porosities.

The pore diameter obtained is thus a function of po-
rosity and pore density for each sample. Calmidi [6]
found Eq. (4) to match the measured values of d; and d,
to within £7%.

High porosity metal foams have long been used in
design of aircraft wing structure in the aerospace in-
dustry, catalytic surfaces for chemical reactions, core
structure for high strength panels, and containment
matrix and burn rate enhancer for solid propellants.
More recently, they have been considered as potential
candidates for heat sinks and compact heat exchangers.
These applications, however, require characterization
of these materials for fluid flow and heat transfer.
Central to this requirement is the need for accurate
evaluation of its transport properties, e.g. effective
thermal conductivity, permeability and inertial coeffi-

cient. The research reported in this paper was under-
taken to fulfill this need.

2. Effective thermal conductivity
2.1. Introduction

Heat conduction in fully saturated porous matrices
has been studied in detail over the years by many re-
searchers [8-21] and has been summarized in a number
of excellent review articles, the most recent being
authored by Kaviany [2], Nield and Bejan [4], Whitaker
[22], Cheng and Hsu [23], and Hsu [24].

Mantle and Chang [25] reviewed the earlier studies
on thermal conductivity of fibrous materials [26-30],
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mostly pertaining to wicking materials in heat pipes, and
presented a generalized empirical model based on the
experimental data by Semena and Zaripov [29]. They
took into account the effects of the thermal conductivity
of the constituent solid and fluid media, porosity and
[/d ratio of the fibers. Pertinent to high porosity metal
foams, Calmidi and Mahajan [31] presented a one-di-
mensional heat conduction model considering the po-
rous medium to be formed of a two-dimensional array
of hexagonal cells (Fig. 2(a)). The irregularly shaped
lump of metal at the intersection of two fibers was rep-
resented as a square ‘blob’ of metal at the intersection of
two sides of a hexagon. Their model, however, involved
an unknown parameter ‘r’, which had to be determined
by fitting their model to experimental data. To this end,
they conducted experiments on aluminum foams of
different porosity and PPI using air and water as the
fluid media and found » = 0.09. Further, the model had
only a two-fold rotational symmetry because of square
intersections in a hexagonal array. Paek et al. [32] re-
ported their experimental results on thermal conductiv-
ity of aluminum foams in air. Their experimental data
matched very well with those of Calmidi and Mahajan
[31]. Recently, Boomsma and Poulikakos [33] proposed
a three-dimensional model of the metal foam structure
in the form of tetrakaidecahedral cells with cubic nodes
at the intersection of two fibers. Similar to Calmidi and
Mahajan [31], their model also involved a geometric
parameter that was evaluated using the experimental
data reported in [31].

In this research, we extend the analysis of Calmidi
and Mahajan [31] to develop a model with a circular
intersection, which results in a six-fold rotational sym-
metry. The value of r is determined from physical
measurements under a microscope and compared with
model predictions. New experimental data are also
presented for a wider range of k;/k; values using foams
of reticulated vitreous carbon (RVC) with air and water
as the fluid media. Finally, a new empirical correlation,

Unit cell

(a) Square intersection [31] Circular intersection (present study)

(b)* n

in terms of the effective thermal conductivities in ‘series’
and ‘parallel’ arrangement of the fluid and solid phases
is presented.

2.2. Analytical model

The analytical model of Calmidi and Mahajan [31] is
modified to replace the square intersection by a circular
one. The unit cell (Fig. 2(b)), in this case, consists of five
different layers in series. In each layer, the solid and fluid
phases are in parallel. The thermal conductivity of the
layers can be individually written as:

(ks — kr) R( .t ¢ 2
=k Lit L rh-E 5
=Rt T2 TR 7)) O
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Fig. 2. (a) Analytical for thermal conductivity. (b) Unit cell for the circular intersection.
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Here R=radius of the circular intersection,
n=1(/3R =) —t)and y, =1 (\/3(R2 — ) +1).

The effective thermal conductivity, %, is then simply
the thermal conductivities of the individual layers in
series. Noting that R/L can be expressed in terms of
porosity using ¢ =1 — (V;/Vo1), the only unknown in
Egs. (5)-(9) is r = /R, which needs to determined.

It is clear from the equations above that the size of
the intersection plays a significant role in determining %..
In the limiting case when the size of the intersection goes
to zero (which implies » — ), the effective thermal
conductivity can be obtained from the model equations
by setting R = 0. The resulting expression is

= ((jg) (kr J:/@+¢7§—kf(é)>>_l7

where (10)
1 —\/5—\/3+(1—8)(\/§—5)
- [+t '

2.3. Determination of ‘r’

As mentioned earlier in Egs. (5)—(9) for k., the only
unknown is r. As a first approximation, we took
a number of physical measurements from pictures taken
under a microscope to get an estimate of r. The

measurements showed the value of r to fall between 0.17
and 0.21, with an average value of about 0.19. Details of
these measurement values can be found in [34].

To test the validity of the model and fine tune the
value of r, experiments were conducted with foams of
RVC using air and water as the fluid media. A schematic
of the experimental set-up is shown in Fig. 3(a). The set-
up consisted of a test specimen sandwiched between two
highly conducting copper plates. The specimens were
7.5cm x 7.5 cm x 4.38 cm. The larger dimensions in
the lateral direction ensured small lateral losses. To
minimize contact resistance, a thin layer of thermal
grease (ks ~ 2 W/m K) was applied between the copper
plates and the sample. Four 0.127 mm, T-type thermo-
couples were attached to each of the two copper plates at
points of varying distance from the center as shown in
the figure. The thermocouples were connected to a data
acquisition system. The top plate was heated by using
four patch heaters of known power, which were con-
nected to a DC power supply. The lower plate was
cooled by a constant temperature bath in a plexiglass
tank maintained by flowing water from a re-circulating
water chiller at 5 °C. The whole assembly was housed in
a plexiglass enclosure and insulated on the four sides
and the top by low conductivity Styrofoam
(ks = 0.029 W/m K at 25 °C). The plexiglass housing
for the sample was provided with a small tap for filling
with different fluids. Thermocouples were also embed-

X
Heat Flow
X
- Cold Water —1 X %
(a)
Meial Foam )
W Orifice Plate
AR AIR OUT
—_—
Insulation T
Pressure
i Manometer
(b)

Fig. 3. (a) Schematic of the experimental set-up for thermal conductivity measurements and thermocouple positions. (b) Schematic of

the experimental set-up used for pressure drop measurements.
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ded in the Styrofoam insulation to estimate lateral heat
losses as well as heat loss from the top.

Following the experimental procedure of Calmidi
and Mahajan [31], the steady-state readings were taken
for the temperature difference between the hot and cold
plates. The procedure was repeated three times for each
sample. The variability was found to be less than 2% in
all the cases. The lateral losses and losses from the top
were calculated using the steady-state readings of the
thermocouples embedded in the insulation. The losses
can be estimated using Qioss = ks dc(AT/d). Knowing Q
and Qjos, We can then write

ke:(Q_Qloss)Am%- (11)
In order to check the accuracy of the loss estimates, a
two-dimensional finite element heat conduction model
(for details, see [34,35]) was simulated using the FEM
software MARC™ [36]. The dimensions of the sample
and the insulation as well as the boundary conditions at
the hot and cold plates were specified to correspond to
the experimental set-up. At the lateral sides, a heat
transfer co-efficient of 5 W/m? K and an ambient tem-
perature of 25 °C were specified. The thermal conduc-
tivities of the samples were assigned using Eq. (11).
From the heat flux contours in the horizontal and ver-
tical directions, the calculated values of heat loss from
the sides and the top were found to be very close to our
estimates using the one-dimensional heat conduction
approximation. The conclusion is that for the given ex-
perimental conditions, a one-dimensional heat conduc-
tion approximation is accurate for calculating the losses.

The measured effective thermal conductivities of the
foams are listed in Table 1 and are plotted in Fig. 4(a).
The past experimental data of Calmidi and Mahajan [31]
for Al-air and Al-water combinations are also plotted.
We first note from the tabulated data that there is no

systematic dependence of k. on pore density. Earlier
research by Mantle and Chang [25], and Semena and
Zaripov [29] have also shown that for porosities of the
order of 90% or higher, the effect of pore density on the
effective thermal conductivity of the porous medium is
negligible. Thus our conclusion is consistent with these
prior observations as well as with the experimental re-
sults of Calmidi and Mahajan [31] and Pack et al. [32].
Next, we note from Fig. 4(a) that the predictions of our
model are in excellent agreement with the experimental
data covering a large range of k/k; ratios. A clear
conclusion is that our model can generally be used for
high porosity media, including the commercially avail-
able metal foam samples, if the value of r can be accu-
rately evaluated. For an ordered medium, the value can
be determined from measurements. However, in case of
random media like these fibrous foams, taking physical
measurements can be relatively difficult. In such cases,
an alternative approach is to use experimental data to
determine r in our model, as followed by Calmidi and
Mabhajan [31].

To quantify the effect of intersection, we next com-
pared our experimental data with the predictions of Eq.
(10) derived for r —ox. For a given porosity, the exper-
imentally determined values of k. were almost 50% of
the analytical predictions. This is because the final in-
clined fiber layer contributes the most to the thermal
resistance. In the presence of the intersection, the cross-
sectional area (thickness) of the fiber decreases due to
lumping of metal at the intersection, which results in an
increase in the thermal resistance. Even though the re-
sistance due to the horizontal layer (layer I) increases for
the same reason, the intersection itself introduces an
additional thermal resistance, which contributes to
lowering of the effective thermal conductivity. An im-
plication of the above analysis is that for a given po-
rosity and pore density, it is desirable to manufacture

Table 1
Effective thermal conductivity of aluminum and RVC foams
PPI Porosity Al-air (W/m K) Al-water (W/m K) RVC-air (W/m K) RVC-water (W/m K)
5 0.971 2.7 3.7
5 0.9664 0.164 0.73
5 0.946 4.6 5.4
5 0.905 6.7 7.65
10 0.9724 0.15 0.722
10 0.949 39 4.8
10 0.909 6.7 7.6
20 0.978 2.2 3.05
20 0.9615 0.17 0.743
20 0.949 4 4.95
20 0.906 6.9 7.65
40 0.972 2.5 3.3
40 0.9681 0.16 0.727f
40 0.952 39 4.75

40 0.937 4.5 5.35
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Fig. 4. (a) Experimental data (symbols) vs. model predictions (lines) for circular intersection (r = 0.19). (b) Experimental data

(symbols) vs. empirical correlation (lines) predictions (Eq. (13)).

these foams without the metal intersection (or with
minimal intersection size) for higher heat dissipation.

Zumbrunnen et al. [37,38] developed a thermal con-
ductance model for porous solids using a probabilisti-
cally determined unit cell for a characteristic geometry.
The model involved a parameter ¢, which had to be
determined empirically. Experiments were conducted on
firebrick, alumina and zirconia insulations, and ceramic
foams to determine the values of ¢ for the respective
porous media. The model predictions matched well with
the experimental data. When applied to our exper-
imental results, good agreement was found for ¢ values
0f 0.042, 0.82, 1.11 and 5.47 for Al-air, Al-water, RVC—
air and RVC-water, respectively. Thus the value of ¢ in
their model is dependent on the composition of the
porous medium. In comparison, the value of r in our
model is purely a geometric parameter and is indepen-
dent of the solid—fluid combination.

2.4. Error analysis

The main uncertainties in this experiment are due to
errors in measurements of power, physical dimensions
and thermocouple readings and those due to conduction
losses through the thermocouples. The maximum error
in the multimeter readings for the voltage and resistance
measurements is 0.5% (manufacturer’s data sheet). This
results in an error of 1.5% in the estimation of the heat
input Q. The combined error (resolution of the data
acquisition unit, thermocouple calibration) in the esti-
mation of the temperature difference under the given
conditions is 0.2 °C. The temperature differences ob-
served in our experiments were of the order of 30 °C.
The error in measurement is thus 0.67%. The effective
thermal conductivity of the RVC samples in all the cases
(highest values being 0.17 W/m K for RVC-air and
0.743 W/m K for RVC-water) is lower than the thermal
conductivity of the thermal grease (k,, ~ 2 W/m K) used
in the experiments. Hence, contact resistance can be

neglected. In case of the aluminum samples of Calmidi
and Mahajan [31], the foam samples were brazed on to
the hot and cold plates to give minimal contact re-
sistance. The application of the thin layer of thermal
grease, however, can give rise to an error in the mea-
surement of the sample thickness. For a sample thick-
ness of 43.75 mm., this error is 0.75%. Similarly, the
error in measurement of the cross-sectional area can be
estimated to be 0.75%. The heat losses through the
Styrofoam insulation were accounted for as discussed
before, while the conduction losses through the thin
thermocouple wires (diameter of 0.127 mm) were very
small and hence neglected. Based on the preceding er-
rors, the total error in the measurement of the effective
thermal conductivity can be calculated using [39]

() () () ()

(12)

and was found to be +3.8%.

2.5. Empirical correlation

In this section, we present an empirical correlation
for easy estimation of the effective thermal conductivity
of these fibrous foams based on the experimental data
for RVC foams discussed above and the data for
aluminum foams obtained by Calmidi and Mahajan
[31]. The two limiting values of k. for a porous medium
are given by

ke = ¢k + (1 — &)k and k. =

3 1—¢*

Kt

The former represents the upper limit with the solid and
fluid phases arranged in parallel to the direction to the
heat flow path, while the latter corresponds to the lower
limit with the two phases arranged in series. The effective
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thermal conductivity of a random porous medium can
be conceived of being comprised of contributions from
both these two limiting values. Based on the above ar-
gument we propose an empirical correlation of the form

ﬁ. (13)

This satisfies both the limits when ¢ = 0 (solid) and
& =1 (fluid). The best fit for all the data was found for
A = 0.35 with an overall R? value of 0.97. The plots of
the experimental data along with correlation are shown
in Fig. 4(b).

ke = A(eks + (1 — e)ks) +

3. Determining permeability (K) and inertial coefficient

)

3.1. Introduction

Following the earlier formulations by Darcy [40] and
Forchheimer [41], the following Forchheimer extended
Darcy’s equation is widely accepted for steady-state,
unidirectional pressure drop in a homogeneous, uni-
form, and isotropic porous medium, fully saturated with
a Newtonian incompressible fluid [42-45]

&K VK v

Both K and f are strongly related to the structure of
the medium. Over the years, several studies have been
dedicated to the determination of these two parameters
[46-51].

For high porosity media, one of the earliest cited
research is that of Beavers and Sparrow [42]. They
quantified pressure drop in nickel foams and concluded
that f = 0.074. Subsequent studies by Vafai and Tien
[43], Antohe et al. [45], Du Plessis et al. [52], Lage et al.
[53] and Paek et al. [32] found this estimate of f to be
incorrect. Vafai and Tien [43] measured K and f for
‘Foametal’ and found the values of K and f as
1.11 x 1077 m? and 0.057, respectively. Antohe et al. [45]
measured K and f for compressed metal foams
(6 ~ 0.3-0.7) but did not correlate their results. Du
Plessis et al. [52] derived a model for fluid flow in metal
foams based on a periodic unit cell representation for
metal foams. Their study was based on experimental
data for samples of very small pore sizes corresponding
to 45-100 PPI and high porosity (¢ > 0.97), and will be
discussed in greater detail in Section 3.5. Lage et al. [53]
conducted experiments on compressed foams at high
velocities and found a cubic dependence of the pressure
gradient with velocity in the turbulent regime. Recently,
Paek et al. [32] reported their experimental results on
high porosity metal foams (0.89 < ¢ < 0.96) with pore
densities corresponding to 10, 20 and 40 PPI. They de-

termined the value of f'to be 0.105 and found K to be
highest at ¢ = 0.94. However, no analysis or physical
explanations were given for the results. In the following
section, we report our experimental data on high po-
rosity aluminum foams. The porosity range of our ex-
perimental samples is between 89% and 98% and PPIs
are 5, 10, 20 and 40.

3.2. Experimental procedure

The experiments on the metal foam samples were
conducted in the in-house wind tunnel (Fig. 3(b)).
Aluminum metal foam samples (see Table 2) of size
62.5 mm x 43.75 mm x 192.5 mm, brazed to 9.375 mm
thick aluminum skins of size 62.5 mm x 192.5 mm, were
used in the experiments. The metal foam sample was
placed in a ducted arrangement in the wind tunnel.
Styrofoam insulation, which can be easily machined into
the desired shape, was used to surround the samples to
prevent air-bypass. Pressure taps were drilled into the
aluminum skins at various axial locations of the metal
foam and were connected to a pressure transducer
(range 0-125 mm water column). The axial locations
were chosen after allowing for a conservative developing
length of 75 mm based on the estimate given in [2,54]. In
addition, two pressure taps were provided at the inlet to
and exit from the metal foam to measure the total
pressure drop across the sample. An orifice plate (pipe
dia-100 mm, and bore dia-36.25 mm) was used to
monitor the flow rate. A digital thermometer was used
to monitor the room temperature, and this value was
used in the flow rate calculation. Pressure drop across
the orifice plate was measured using a manometer for
lower values (in the range 0-6.25 mm water column) and
a pressure transducer for higher values (up to 25 mm
water column). The pressure drop was converted into
flow rate as specified in standard, ASME/ISO-5167-
1:1991.

During a typical experiment run, the set-up as de-
scribed above was first tested for leaks to ensure that the
ducting was in place. Airflow rate through the metal
foam was set at a desired value by adjusting the speed of
the wind-tunnel fan. At each flow velocity, the pressure
drop across various axial locations of the metal foam
was measured. The pressure drop data collected during a
typical experiment run were found to increase with L.
However, the pressure gradient did not vary with the
axial length. This was found to be true for all the sam-
ples tested, indicating that the flow was indeed fully
developed. The pressure drop due to wall friction, esti-
mated using the fully developed pipe flow correlation,
was found to be less than 0.5% for the total pressure
drop. This indicates that the measured pressure drop
values are primarily due to the drag force exerted by the
metal foam. Also note that more data points were ac-
quired in the low velocity range in order to improve the
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Table 2
Characteristics of the metal foam samples used for pressure drop experiments

Sample # Porosity PPI dr (m) d, f K (x107 m?)

1 0.9726 5 0.0005 0.00402 0.097 2.7

2 09118 5 0.00055 0.0038 0.085 1.8

3 0.9486 10 0.0004 0.00313 0.097 1.2

4 0.9138 10 0.00045 0.00328 0.07 1.1

5 0.8991 10 0.00043 0.0032 0.068 0.94

6 0.9546 20 0.0003 0.0027 0.093 1.3

7 0.9245 20 0.00035 0.0029 0.104 1.1

8 0.9005 20 0.00035 0.00258 0.088 0.9

9 0.9659 40 0.0002 0.0019 0.101 0.55
10 0.9272 40 0.00025 0.00202 0.089 0.61
11 0.9132 40 0.00020 0.0018 0.084 0.53
12 0.971 5 0.00051 0.004 0.096 2.52
13 0.946 5 0.00047 0.0039 0.099 2.17
14 0.905 5 0.00049 0.0038 0.078 1.74
15 0.949 10 0.00037 0.0031 0.099 1.49
16 0.909 10 0.00038 0.00296 0.082 1.11
17 0.978 20 0.00038 0.0028 0.087 1.42
18 0.949 20 0.00032 0.0027 0.1 1.185
19 0.906 20 0.00034 0.0026 0.085 0.854
20 0.972 40 0.00023 0.0018 0.094 0.52
21 0.952 40 0.00024 0.00198 0.0976 0.562
22 0.937 40 0.00024 0.002 0.0899 0.568

accuracy in the estimation of K, as discussed in Section
3.4. For details of the measurement values, the reader is
referred to Calmidi [6] and Bhattacharya [34].

3.3. Results

Noting that the flow is fully developed and the vis-
cous effects are small, the momentum equation can be
written as
g:au+buz. (15)
L
A least-squares fit was performed to determine values of
a and b. In all cases, the regression analysis yielded a fit
with R > 99.9% indicating that the quadratic relation-
ship is valid. Comparing Egs. (14) and (15), the values of
K and f are
k=" 7= bVK. (16)

a p
These values are listed in Table 2. We note that studies
in the past [42,55,56] use a different method to estimate
values of @ and b. There, Eq. (15) is rewritten in the form
(1/u)(Ap/L) = a + bu. Then, a best least-squares fit of
(1/u)(Ap/L) is obtained as a linear function of the
velocity, and K and f are determined using the y-inter-
cept and slope of this linear function. In principle, this
procedure yields identical results to those obtained using
parabolic fit, only if the quadratic relationship is exact.
However, in reality this may not be so, and Antohe et al.

[45] argue that the parabolic fit results in a higher error
in the final values of K and f since it relies on extrapo-
lation. However, in this study, we note that the differ-
ence in the values of K and f determined by the two
methods was negligible, and the parabolic method was
used throughout since it is more convenient.

3.4. Error analysis

The task of estimating uncertainties in the values of K
and f'is not straight-forward since it is not immediately
clear how the uncertainties in the measurement of
velocities and pressure drop propagate to affect the
values of a and b in Eq. (15). It is obvious that the
pressure gradient values are governed by a at lower ve-
locities and by b at higher velocities. Following the
method proposed by Antohe et al. [45], the uncertainties
in the values of K and f were calculated for all the
samples listed in Table 2, and were found to be in the
range 5.2-13.9% for K, and 2.9-7.1% for f.

It is important to note that the uncertainty estimates
obtained above by the method proposed by Antohe
et al. [45] must be viewed with caution. The estimate is
accurate only if experiments are conducted at sufficiently
low and high velocities so that meaningful values of a
and b can be determined. It is possible to drop some
experimental points from the regression analysis and
obtain smaller uncertainty estimates. For example, the
uncertainty values associated with the estimation of K
can be reduced if some of the low velocity points are not
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considered. This is, however, undesirable since the low
velocity points play a bigger role in the determination of
K. Thus, in order to obtain meaningful uncertainty es-
timates for K and f, the experimental data set must
contain measurements in the range of velocities where
the Darcian component and the quadratic component of
the pressure drop in Eq. (15) are of the same order of
magnitude. For this reason, more data points were ob-
tained in the low velocity range in our experiments as
mentioned in Section 3.2.

3.5. Analytical models

3.5.1. Permeability

As stated in Section 3.1, Du Plessis et al. [52] pre-
sented a model for evaluating K and f for metal foams.
That model was derived using experimental results from
foam samples of very small pore sizes (45-100 PPI) and
porosity of 0.973-0.978, and using water and glycerol as
the fluid phase. Their expression for K is given by

K__ &
d> 36z - 1)

where d = /x/(3¢)d,, and y, the tortuosity of the po-
rous matrix, is defined as the ratio of the total winding
path length available for flow in the representative unit
cell of the porous medium to the basic stream wise
length scale. Following Du Plessis [57] it is given by

2
@
¢ Ap'

(17)

(18)

For their model consisting of three mutually orthogo-
nal duct sections in a cubic unit cell [52,58], y is ex-
pressed as

2¢ 3 3

(9 — 8¢)*/?
(19)

When applied to our samples, this model was found to
over-predict our experimental data for K by factors of
1.4-2.7 (see Fig. 5). The deviation is smaller at lower
pore diameters or higher PPIs.

A closer look at the picture of the metal foam
sample (60 PPI) in [52] (Fig. 1(a)) reveals that the
lumping of metal at the intersection of two fibers,
mentioned in Section 2.1, is absent. The presence of the
lump of solid material at the intersection of two fibers
in our samples introduces extra flow resistance by
constricting the flow path and forcing the fluid to flow
through more tortuous paths. As observed above, the
deviation between the experimental data and model in
[52] decreases as the pore diameter is decreased or PPI
is increased. Qualitatively, as pore density (PPI) in-
creases, the number of fibers increases, and so does the

1 3 9 — 8¢ 4 1 1 8¢2 — 36¢ + 27
_:E—i_ Cos ¢ — + 5 cos — | ¢

8

© Duplessis model <
71 <
+ Duplessis samples
6 ® Experiments
g%
©
£
<
S 4 °
£
Z, s 8
8 o
2 % © i L
o0, A ) -
£
1 A i L !0'
o® L]
o @
0+—e2* . . . . . .
0 0.0005  0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045
pore dia. (m)

Fig. 5. Experiments vs. model of Du Plessis et al. [52] for
permeability K.

flow resistance due to the fibers. As a result, at higher
PPIs, the relative contribution due to the lumping at
the intersections in obstructing the flow is reduced.
This accounts for the lower deviation from the model
in [52] at higher PPIs.

The main conclusion from the above argument is that
Eq. (19) is not applicable for determining y for our metal
foam samples. To derive an appropriate expression we
recall that y = &d} /4, where 4, = (n/4)(d} — df). Sub-
stituting dy/d, from Eq. (4), we get

2
1 = (I—¢)1
SR 1(1.18 - G) . (20)

The model predictions using Eqgs. (17) and (20) along
with experimental data are plotted in Fig. 6(a). The
agreement between the two over a wide range of pore
diameter is fairly good. Thus, unlike the existing model
reported in [52] which is accurate only at high pore
densities (PPIs), the new model can be applied over a
wider range of porosities and pore densities (PPIs) for
determining K of metal foams.

We also note that contrary to the experimental data
of Paek et al. [32], our results do not show any opti-
mum ¢ for which K is maximum. For a given pore
diameter, K is found to increase with ¢ (see Fig. 6(b)).
This seems physically consistent since for a given pore
density (PPI), the fiber diameter decreases (though very
slowly) with increase in porosity, see Table 2. As a
result the open cross-sectional area available for fluid
flow in a pore increases, which reduces flow resistance.
Hence K is expected to increase with porosity. In the
limiting case when ¢ approaches 1, the value of K
should approach infinity (since the porous medium
ceases to exist and hence, the Darcy term should go to
zero). As a result, we do not expect any optimum ¢ for
maximum K.
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3.5.2. Inertial coefficient
Du Plessis et al. [52] had also presented a model for
the inertial coefficient which is reproduced below in Eq.

Q1)

fiz,osx(xfl)@ 1)

TTeB-y &

When applied to our samples, the values of inertial co-
efficients are found to be 30-70% off except for samples
in the porosity range of 95% or higher (see Fig. 7(a)).
Noting that the model was based on samples with
& > 97%, the suggestion is that the model may be valid
only in the high porosity range. Further, a closer look
into Eq. (21) shows f to monotonically decrease with .
Again this is true for our experimental data only in the
range of ¢ > 0.97. For lower porosities, i.e. in the range
0.85 < & < 0.97, our data show that f actually increases
with increase in ¢. This contrasting behavior can be ex-
plained as follows.

The inertial coefficient, f, is a measure of the drag
experienced during fluid flow past the fibers. Hence it is
expected to strongly depend on the shape of the fiber
cross-section. As noted in Section 1 [6,7], and also re-
vealed by our photographs taken under a microscope
(see Fig. 7(b)), the cross-section of the fiber changes
from a circle to a concave triangle in the range of
0.85 < ¢ < 0.97. In this range of ¢, it is this change in
shape of the cross-section that causes f to increase with
increase in &. The model derived in [52] is for fiber cross-
sections of concave triangle only and does not take
into account the variation in cross-section for
0.85 < < 0.97. To overcome this drawback, we pro-
pose a new model for f'based on the theory for flow over
bluff bodies, for the two different porosity domains, viz.
0.85 < &< 0.97 (Domain I) and ¢ > 0.97 (Domain II).
Noting the correspondence between pressure drop for

flow in metal foams to that over bluff bodies one can
write

/L, Cple) ,
~—— pv° ~ v
N 2 7

where the length L in the flow direction can be scaled

with the fiber diameter dr for flow over a bluff body. Eq.
(22) can, therefore, be rewritten as

CD(S) \/E
2 L’ (22)

or fn~

_ CD(S) \/1?_ CD(S) \/1? dr -
e s a3 O I
Substituting Egs. (17) and (4) in Eq. (23), we get
-1
.. Cp(e) € 7 (I—g)l
=M 7 736;((;(—1)\/;(1.18 g 5)
-1
. Cp(e) € (I—¢)1
=M 2 3(Xl)(l.IS g 5) . (24)

The unknowns in Eq. (24) are the constant M and the
drag coefficient Cp(¢) for the different fiber cross-sec-
tions. These can be determined as follows.

Domain I (0.85 < ¢ < 0.97).

Recalling that the fiber cross-sections are circles and
equilateral triangles for ¢ = 0.85 and ¢ = 0.94, respec-
tively, the values of Cp for ¢ = 0.85 and ¢ = 0.94 in Eq.
(24) can be taken from standard values known for flows
over bluff bodies. Using references [59,60] these values
are 1.2 and 1.75, respectively. The constant M is then
found to be equal to 0.095. Eq. (24) hence reduces to

7 — 0,095 0¥ ¢ (1.18 (18)1)4 (25)

12 \3(x-1) in G
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Fig. 7. (a) Experiments vs. model of Du Plessis et al. [52] for inertial coefficient, f. (b) Photographs of the fiber cross-sections at

different porosities taken under a microscope.

Eq. (25) is a general expression, which can be used to
determine Cp for a given cross-section (or porosity) if
the experimental value for f'is known. Alternatively, it
can be used to determine f if Cp is known at that

porosity. For example, at ¢ = 0.9659 the experimental
value of f'is 0.101 (see Table 2). The value of Cp at that
porosity (where the shape of the fiber cross-section is
most likely to be a concave triangle) can, therefore, be
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calculated to be 1.85. For other cross-sections with
varying shape in the domain 0.85 < ¢ < 0.97, we pro-
pose

where S is the shape function which in turn is related to
the geometric function G. The relation satisfies the
boundary condition of Cp(0.85) = 1.2 since the geo-
metric function G =1 for ¢ = 85%. Using the known
values for Cp(¢) at ¢ = 0.85, 0.94 and 0.965, the index n
is determined to be —0.8, so that the final expression for
the inertial coefficient for 0.85 < ¢ < 0.97 becomes

€ (I—¢)1 -
3um<Lw 3n 6)’

27)

f=0.095 G8

Cp(0.85)
12

where Cp(0.85) = 1.2.

Eq. (27) is plotted along with the experimental data
in Fig. 8(a). As seen the agreement of the data with the
model is excellent. The drag coefficient becomes larger as
the fiber cross-section changes from a circle to a concave
triangle. As a result, f increases with ¢. The attendant
decrease in fiber diameter (and hence projected area) for
a given pore density, on the other hand, is very small (see
Table 2). As mentioned earlier, Du Plessis et al. [52] did
not take into account this variation in fiber cross-section
with porosity. Hence their f values at lower porosities
were much higher than the experimental data. When the
drag coefficient correction is added to their model, the
predicted values decrease significantly as shown in Fig.
8(a). The agreement with the experimental data now
improves with the maximum deviation being less than
20%.

Domain II (¢ > 0.97).

For porosities greater than 97%, the fiber cross-sec-
tion is assumed to retain its shape of a concave triangle.

~ 0.06
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0.02 1 - Duplessis Model - Corrected

+ Experiments
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1029

Thus with further increase in ¢ Cp(¢) remains un-
changed. Hence the inertial coefficient, f can be obtained
by substituting G by G(¢ = 0.97) = 0.5831 in Eq. (27).
Fig. 8(b) shows the agreement of the model with our
experimental data in this porosity range. Consistent with
the results of Du Plessis et al. [52] f'decreases with ¢ in
this porosity range. This is because beyond &= 97%,
even though the drag coefficient remains constant, the
fiber diameter becomes smaller (reduction in projected
area) thereby decreasing the net form drag.

4. Summary

Analytical and experimental investigations were
conducted for the determination of the effective thermal
conductivity, k., permeability K, and the inertial coef-
ficient f of metal foam samples of different porosities and
pore sizes. For the determination of k., a theoretical
model was formulated, which represents the metal foam
structure by a two-dimensional hexagonal array where
the fibers form the sides of the hexagons. The lump of
metal at the intersection of two fibers seen in commer-
cially available metal foam samples was represented as
an intersection of circular cross-section. The analysis
and experiments showed that the effective thermal con-
ductivity of the foam depends strongly on the porosity
and the ratio of the cross-sections of the fiber and the
intersection. However no systematic dependence was
found on pore density. Experimental data with alumi-
num and RVC foams, using air and water as fluid media
were used to validate the theoretical model and were
found to be in excellent agreement with the model pre-
dictions. Finally, a simple, closed-form empirical corre-
lation was also derived for estimating the effective
thermal conductivity in terms of the porosity, and the
solid and fluid conductivities. Analytical models were
also proposed for the determination of K and f for flow

0.1

~ 0.06

002 Model
+ Experiments
------ Duplessis

0.96 0.965 0.97 0.975 0.98 0.985

(b)

Porosity

Fig. 8. (a) Inertial coefficient (f): experiments vs. model (Eq. (27)) for 0.85 < ¢ < 0.97. (b) Inertial coefficient (f): experiments vs. model

(Eq. (27)) for ¢ > 0.97.
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through metal foams. For K, the existing model of Du
Plessis et al. [52] was modified to incorporate our cor-
rection for the tortuosity for our metal foam samples. A
new inertial coefficient model was proposed based on the
theory of form drag for flow over bluff bodies that takes
into account the variation of the shape of fiber cross-
sections with porosity. The f model proposed by Du
Plessis et al. [52], originally valid only in the high po-
rosity domain (¢ = 0.97), was also modified to account
for the variation in fiber cross-section and was found to
give much better agreements with the experimental data,
even in the lower porosity range of 0.85 < ¢ < 0.97.
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