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Pore Size Variations on the Liquid
Flow Characteristics in Metal
Foams
Open-cell aluminum foams were investigated using water to determine their hydr
characteristics. Maximum fluid flow velocities achieved were 1.042 m/s. The permea
and form coefficient varied from 2.46310210 m2 and 8701 m21 to 3529310210 m2 and
120 m21, respectively. It was determined that the flowrate range influenced these c
lated parameters, especially in the transitional regime where the permeability based
nolds number varied between unity and 26.5. Beyond the transition regime whereK
*30, the permeability and form coefficient monotonically approached values which
reported as being calculated at the maximum flow velocities attained. The results obt
in this study are relevant to engineering applications employing metal foams ranging
convection heat sinks to filters and flow straightening devices.@DOI: 10.1115/1.1429637#
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Introduction
This study investigates the hydraulic characteristics of a liq

flowing through a rigid, open-cell, metal foam. The metal foam
an intricately detailed structure, which is manufactured from
variety of molten aluminum processes~Fig. 1~a! and Fig. 1~b! in
uncompressed form and Fig. 1~c! and Fig. 1~d! in compressed
form!. The structure of the metal foam opens itself to many
plications due to its large surface area to volume ratio and h
permeability. The list of possible applications includes ligh
weight high-strength structural applications, mechanical ene
absorbers, filters, pneumatic silencers, containment matrices
burn rate enhancers for solid propellants, flow straighteners, c
lytic reactors, heat sinks, and heat exchangers. In addition to
applications, thermally conductive porous media may also
crease the thermal conductance of a solid-fluid system simply
their physical presence@1–3#.

The use of open-cell metal foams in fluid-flow applications
quires a thorough understanding of the pressure-drop behavi
the fluid flowing through the porous structure. Extensive work h
been done to characterize the pressure-drop behavior of fluid
through porous media, but these are often limited to packed gr
lar beds or beds of packed spheres. An excellent review on
subject involving such granular materials can be found in@4#. As
seen in Fig. 1, the structure of the open-cell metal foam is co
pletely different from that encountered in packed beds of sphe
Because of these structural differences, the characterization o
pressure-drop through the open-cell metal foams requires a
newed research effort.

Theory
Different models have been developed in the past 150 yea

characterize the fluid flow in a porous matrix on the basis
macroscopically measurable flow quantities. A thorough histor
review of the work in porous media can be found in@5#. The first
of these models can be traced back to Darcy’s publication in 1
@6#. He established the well-known Darcy’s law which states t
the pressure-drop per unit length for a flow through a por

Contributed by the Fluids Engineering Division for publication in the JOURNAL
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisio
January 29, 2001; revised manuscript received August 24, 2001. Associate E
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medium is proportional to the product of the fluid velocity and t
dynamic viscosity~later added by Kru¨ger @7#!, and inversely pro-
portional to the permeability.

Dp

L
5

m

K
v (1)

However, Darcy’s law is applicable only for relatively slow
moving flows, where the permeability-based Reynolds numbe
small.

ReK5
rAK

m
v,O~1! (2)

The velocity termv in Eq. ~1! can be either the Darcian velocit
of the fluid flow, which is based on the cross-section dimensi
of the channel

vD5
Q

areacs
(3)

or the pore~filter! velocity, as given by the Dupuit-Forchheime
relation@8# which accounts for the presence of the solid phase
the channel by dividing the Darcy velocity by the volumetric vo
fraction of the medium~assuming an isotropic medium!.

vp5
vD

«
(4)

Either velocity can be used in the characterization and deriva
of the permeability, but one must state which velocity is used
the calculations@4,9,10#.

As the flow velocity increases, the form drag becomes m
prevalent and must be considered for an accurate descriptio
the pressure-drop@11#. This effect is accounted by the addition o
the form drag termC as suggested by Dupuit@12# which yields
the following quadratic relation for the pressure-drop.

Dp

L
5

m

K
v1rCv2 (5)

This form drag compensation,C, may vary according to the po
rosity of the medium and the channel which contains it@13#. How-
ever, the porous medium container effects of a metal foam do
resemble those generated in packed beds of spheres. In a pa
bed of spheres, the porosity of the bed increases exponential
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the container wall@14# causing ‘‘tunneling effects’’ which may
increase the permeability of the system@15#. This effect, however,
is not applicable in the study of the hydraulic characteristics
metal foam because of the metal foam production process.
metal foam production process generates large quantities of li
foam inside a container whose dimensions are much larger
the pore size. After the foam has been produced in bulk, it is t
cut to specification, effectively eliminating any type of wa
interference on the final foam structure. A consistent porosity
thus maintained throughout the foam without the need for
porosity variation considerations@16#.

There exists no general relationship between the permeab
of a porous medium and porosity because the permeability is
fected by the form of the solid structure@4#. Different mathemati-
cal models have been developed with varying degrees of suc
in order to predict the permeability of porous media using sim
fied structures, with the majority consisting of packed beds
spheres@15,17–19#. However, the structure of the metal foa
confronted here is notably more complex than that of a pac
bed of spheres. Although some models of flow through vari
representations of this complex structure have been develo
with limited success@20–22#, detailed experimentation is still re
quired to accurately measure the permeability of the material

Fig. 1 „a… Aluminum foam block which measures 10.0 cm
Ã4.0 cmÃ1.5 cm, 92% porous „10 pores per linear inch
Ä6.9 mm pore diameter …; „b … magnified view of a single pore
from Fig. 1 „a…; „c … aluminum foam block as depicted in Fig. 1
„a…, but compressed by a factor of four, which decreased the
porosity from 92% to 76.1%; „d … magnified view of the foam in
Fig. 1 „c ….
264 Õ Vol. 124, MARCH 2002
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The addition of the quadratic term in Eq.~5! has been proven to
be applicable for packed beds of spheres for permeability ba
Reynolds number in the range 80.ReK.5 by Dybbs and Ed-
wards @23#. Fand et al.@9# confirmed this for randomly packed
spheres, i.e., spheres of various diameters which composed
packed bed instead of spheres of equal diameter which pack r
larly. Beyond this ReK range, Lage et al.@24# demonstrated the
existence of a third regime which requires a cubic velocity te
for an accurate description of the pressure-drop in metal foa
which is in line with that considered by Forchheimer when stud
ing large sets of hydraulic data from flow through porous me
@25#.

There are several ways by which the permeability,K, and the
form coefficient,C, can be calculated through experimentatio
One approach has been to modify Eq.~5! to bring it into linear
form and then extrapolate to determine the coefficients as don
Givler and Altobelli @26#. However, this method has been show
to lack accuracy due to the extrapolation, and therefore a m
direct and accurate way has been introduced by Antohe et al.@27#
using a least-squares quadratic curve fit through the pressure-
versus fluid-speed data points. A direct advantage of the le
squares curve fit using the form coefficient is the provision for
accurate uncertainty analysis, which is beneficial when analyz
and reporting quantities derived from experimental results. T
least squares curve-fitting process works as follows. Making
following substitutions in Eq.~5!,

A5
m

K
(6)

and

B5rC (7)

yields the following quadratic equation for the length-normaliz
pressure-drop

Dp

L
5Av1Bv2 (8)

in which A and B are solved through the least squares curve
technique. Applying the least-squares quadratic fit on Eq.~8!
gives the following results for the coefficientsA andB.

A5

S (
i 51

n

xiyi D S (
i 51

n

xi
4D 2S (

i 51

n

xi
2yi D S (

i 51

n

xi
3D

S (
i 51

n

xi
2D S (

i 51

n

xi
4D 2S (

i 51

n

xi
3D S (

i 51

n

xi
3D (9)

B5

S (
i 51

n

xi
2yi D S (

i 51

n

xi
2D 2S (

i 51

n

xiyi D S (
i 51

n

xi
3D

S (
i 51

n

xi
2D S (

i 51

n

xi
4D 2S (

i 51

n

xi
3D S (

i 51

n

xi
3D (10)

In these equations, thexi ’s represent the various fluid flow veloci
ties at which the data were taken and theyi ’s represent the respec
tive measured pressure-drop per unit length values. KnowinA
and B, the permeability and inertia coefficient are obtained
backsolving Eq.~6! and Eq.~7!.

Experimental Apparatus and Procedure
The experimental setup~Fig. 2! used to measure the pressur

drop for characterization of the metal foams consisted of a fo
test housing, a pump to circulate the fluid, various flowrate m
suring apparati, two pressure transducers for different pres
ranges, and degassed, deionized water as the working fluid.
setup models that which would use metal foam heat exchange
cool electronics which dissipate large amounts of heat. The fu
tion of the foam test housing was to provide a secure mean
Transactions of the ASME
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hold the metal foam, to channel the fluid flow through the op
cell metal foam, and to provide a means to measure the pres
drop across the foam. Figure 3~a! is a cross-section of the foam
test housing showing the passage of the fluid through the hou
and the foam. Figure 3~b! shows the same housing but from a to
view without the lid for clarity, and allows one to see how th
metal foam blocks were placed in relation to the pressure p
located in the bottom of the channel. The foam blocks~measuring
40.0 mm340.0 mm32.0 mm! were held securely by means of
tight fit inside the channel. After numerous experiments requir
the changing of the foam blocks by removing the lid, movem
of the foam in the channel direction was never observed.
small ports which were drilled into the bottom of the channel w
0.4 mm in diameter and located before and after the foam
pieces, as shown in Fig. 3~b!. These ports were attached to th
pressure transducer through eight different valves which allow
each of the seven pressure ports to be measured directly ag
the reference port, which was the last port downstream of
water flow. All reported pressures were measured between the
outermost ports, spanning a distance of 7.0 cm. By conserva
of mass, the incompressible liquid must accelerate as it enter
foam because the effective cross-sectional area of the chann
reduced by the physical presence of the foam in the channel.
opposite occurs when the liquid leaves the foam; the liquid ve
ity must decrease in order to compensate the increase in th
fective cross-sectional area of the channel. Locating the pres

Fig. 2 Diagram of the experimental apparatus used to mea-
sure the pressure drop over various configurations of metal
foam
Journal of Fluids Engineering
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ports at a distance of 1.5 cm from the entrance and exit of
foam reduced the static pressure-altering effects of the fluid ac
eration and deceleration. The six additional ports located at
edge of the foam block were used as a check for symmetry in
pressure. Discrepancies between the left and right hand side
the pressure measurements during experimentation did not ex
3%, and were therefore, neglected.

Two different pressure transducers were used depending u
the pressure range of interest. For the lower range, a Huba
differential pressure transducer was used for the pressure r
between 0.0 and 0.200 bar with an accuracy of60.5% FS. For the
higher pressure range, an Omega differential pressure transd
~PX81DO-050DT! was implemented for differential pressur
measurements up to 3.45 bar with an accuracy of60.25% FS.
The flowrate was measured with two flowmeters, the Omega F
1009 for a flowrate range from 0.0 l/min. to 0.500 l/min, and t
Omega FLR 1012 for the flowrate range between 0.500 l/min.
5.000 l/min. Each flowmeter was calibrated to within61.5% FS
accuracy. For the larger flowrates attained in the uncompres
foam experiments, a Wisag 2000 rotameter was used for the fl
rate range from 1.000 l/min. to 11.220 l/min with61% FS accu-
racy.

The acquisition of the signals from the sensors which includ
both pressure transducers and two electronic flowmeters
handled by a USB data acquisition device manufactured
IOTech. The device was attached via a USB port on a PC runn
Windows 98 which controlled the IOTech data acquisition dev
using LabVIEW software. With this configuration the pressu
and flow data were viewed and recorded to the PC hard driv
real time.

A Neslab chiller~CFT-75! pumped water through the foam te
housing. It also regulated the water temperature at 20.0°C
within 60.5°C. The pressure-drop experiments were conduc
from the low-end to the high-end of the flowrate range. As a ch
for hysteresis, selected experiments were performed from
high-end of the flowrate range to the low-end. No hysteresis w
observed in these experiments when they were compared to
pressure measurement data taken by varying the flowrate f

Fig. 3 „a… Metal foam test housing cross-sectional view of the
inlet, outlet, and foam positioning during the pressure-drop
characterization experiments. „b … Top view of the metal foam
test housing with the lid removed for clarity.
bay user on 15 February 2020
Table 1 Compressed foam physical data
MARCH 2002, Vol. 124 Õ 265
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low to high. Therefore, all data used in the calculations were ta
as an average from four experimental trials, adjusting the flow
from low to high. The temperature of the water during the expe
ments was held constant at 20.060.5°C. Within the temperature
range of 0.5°C, the physical properties of water do not v
enough to be considered in the calculations when compared to
uncertainties generated by the data acquisition equipment.

Metal Foam. Table 1 gives an overview of the physical pro
erties of all foams which were tested. All foams were manuf
tured from 6101 aluminum alloy. To generate the array of co
pressed foam blocks in Table 1, 40 PPI foam~2.3 mm pre-
compression pore diameter! of two different initial porosities, one
of 92% and the other of 95%, were compressed by various fac
ranging from two to eight. The notation used for the compres
foams works as follows: The first two digits of the foam’s nam
designate the porosity of the foam in pre-compressed form.
second pair of numbers of the foam name after the hyphen sig
the compression factor. For example, foam 95-05 designat
foam that was 95% porous in its uncompressed state and
compressed by a factor of six, which in the final compressed s
corresponds to finished foam of one-sixth of its original unco
pressed height.

The procedure for compressing the foams, as explained by
manufacturer, allows the foam to expand freely on the open lat
sides of the compression device. By not restraining the lat
edges of the foam block while being compressed, the isotropi
of the aluminum in the foam is claimed to be held more consis
by avoiding mass accumulation along the edges of the comp
sion device. However, as the foam is being compressed, what
mass of foam extends beyond the original lateral dimension
lost when the foam is machined to final tolerances, and hence
measured porosity of the final compressed state of the foam
be higher than expected for a given compression factor bec
this solid portion of the original foam is lost. To measure t
actual values of the porosity, each compressed foam block
weighed, and based on the nominal external measurement
effective porosity was calculated and compared to an expe
final porosity based on the foam’s initial solid fraction and co
pression factor. The expected porosity was based on the sim
physical relation for a change in volume, whereM is the com-
pression factor~ratio of the original uncompressed foam bloc
height to the final compressed height! and« is the void fraction of
the material (0,«<1).

«compressed512M ~12«uncompressed! (11)

Figure 4 shows the expected porosity of the compressed f
blocks as lines with the actual porosity measurements represe
as points. The final overall dimensions of the compressed fo

Fig. 4 The expected compressed metal foam porosities based
on the precompression porosity and nominal compression fac-
tors are graphically compared against the measured values
266 Õ Vol. 124, MARCH 2002
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blocks used in the pressure-drop experiments were 40.0
340.0 mm32.0 mm, with the cross-sectional area normal to t
flow direction measuring 40.0 mm32.0 mm.

In Table 1, the physical characteristics of the three blocks
uncompressed foam are given. The foams are labeled by
characteristic pore diameter in inches~as specified by the manu
facturer!, which are 10, 20, and 40 pores per linear inch~PPI!.
However, due to the subjective nature of the pore counting,
uncompressed foams were viewed under a microscope and
pore diameters were measured by hand to an accuracy
60.5 mm and tabulated in Table 1. This provides a more objec
description of the actual foam geometry for comparison purpo
These foams have open pore diameters of 6.9 mm, 3.6 mm,
2.3 mm, respectively. Each uncompressed foam block tested
12.0 mm338.0 mm380.0 mm, with the flow cross-section mea
suring 12.0 mm338.0 mm. The blocks were cut to final extern
tolerances by an electro-discharge machining system to minim
deformation of the solid structure and to ensure uniform poro
to the outer edges of each block. The porosity of each block
calculated by dividing its weight by the volume, as measured
the external dimensions, and then comparing this value to
density of the solid metal, aluminum 6101. The surface area
volume ratio~specific surface area! is also tabulated for the un
compressed metal foam blocks in Table 1. This specific surf
area data were provided by the foam manufacturer@28#.

Results and Discussion
All data were calculated and reported on a Darcian flow vel

ity basis, as given by Eq.~3!. This velocity accounts only for the
channel dimensions, is independent of the porosity of the
material, and is practical for comparison against other data se
porous media. The pressure-drop data for both the compre
and uncompressed foam blocks were taken and normalized
length-scale basis, which was based on the respective length
the foam blocks of 40.0 mm for the compressed metal foams
80.0 mm for the uncompressed metal foams. From these da
quadratic curve was fitted through the data points for each fo
block according to Eqs.~6!–~10!.

Figure 5 shows the pressure-drop experimental data and
fitted curves in graphical form for the compressed blocks based
the Darcian velocity. Figure 5 is separated into (a) and (b) ac-
cording to pre-compression porosities of 95% and 92%, resp
tively. The left-hand ordinate is the length-normalized press
drop and the right-hand ordinate is the pressure drop for
40-mm long aluminum foam block. By backsolving the consta
A and B from the fitted curves as given in Eqs.~6! and ~7!, the
permeability, form coefficient, and their respective uncertainti
were calculated for each foam block using the entire flowr
range tested for each foam block. This corresponded to a flow
range of 0.00 l/min. to 5.00 l/min.~0.00 m/s to 1.04 m/s Darcian
flow velocity! for the compressed foam. The only exception w
foam 95-08. The maximum pressure for the pressure transd
~3.45 bar! was reached with a flow velocity of 0.729 m/s whi
testing the 95-08 foam block, and therefore, the maximum usa
data pair~flow velocity, pressure! in the quadratic least-square
curve fit for foam 95-08 was obtained from this flow veloci
value. However, the fitted pressure-drop curve for foam 95-08
plotted over the entire flow velocity range from 0.00 m/s to 1.
m/s in Fig. 5~a! for comparison purposes. Table 2 gives the p
meability, the form coefficient, theA and B coefficients used in
the curve fitting procedure, and their respective uncertainties
both the compressed and uncompressed foam blocks.

Reviewing the pressure-drop data from both the compres
and uncompressed foams, it becomes apparent that the
through open-cell metal foams deviates from Darcy law flow b
havior, i.e., the pressure-drop across the foam is a quadratic f
tion of the flow velocity. It is of interest to compare the effects
compression on the permeability and form coefficient for ea
foam block, which are tabulated in Table 3. As seen in Fig. 5,
Transactions of the ASME
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Fig. 5 „a… The experimentally obtained pressure-drop data are plotted along with the fitted curves for the 95-series
compressed foam blocks. The experimental uncertainty values are 0.22 bar Õm in the length-normalized pressure measure-
ment, 0.0088 bar in the actual pressure measurement, and 0.013 m Õs in the fluid flow velocity measurement. „b … the experi-
mentally obtained pressure-drop data are plotted along with the fitted curves for the 92-series compressed foam blocks. The
experimental uncertainty values are 0.22 bar Õm in the length-normalized pressure measurement, 0.0088 bar in the actual
pressure measurement, and 0.013 m Õs in the fluid flow velocity measurement.
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compression has a profound effect on the pressure-drop beh
of a compressed foam. Both foam sample series which were
and 92% porous before compression showed similar flow beh
ior with respect to the changes in the compression factor. For
95% original porosity series, increasing the compression fa
from two to four reduced the permeability from 44.4310210 m2 to
19.7310210 m2, or a relative reduction of 55.6%. Increasing th
compression factor from two to six reduced the permeability t
value of 5.25310210 m2, which is a reduction of 88.2%. For th
last compressed foam block which was originally 95% poro
increasing the compression factor from two to eight reduced
permeability to 2.46310210 m2, which is a significant reduction
of 94.4%.

The other series of compressed foam blocks which where 9
porous before compression showed approximately the same
sitivity between the compression factor and the change in per
ability. The first sample, which was compressed by a factor
two, had a measured permeability of 36.7310210 m2. Increasing
the compression factor from two to three reduced the permeab
to 23.0310210 m2, a reduction of 37.3%. Continuing from a com
pression factor of two to four, the permeability is reduced
13.9310210 m2, a reduction of 62.1%. This 62.1% reduction
the compressed foam permeability between a compression fa
from two to four is compared with the change in permeability
the 95% porous series between the compression factors of two
four, which is similar at 55.6%. Increasing the compression fac
from two to five with the 92% original porosity foam decreas
ournal of Fluids Engineering
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the permeability to 8.07310210 m2, a decrease of 78.0%. Th
highest compression ratio for the 92% foam series which w
tested was six. The permeability at this level of compression w
only 3.88310210 m2, which is a reduction of 89.4% when com
pared to the permeability of the foam of the same initial poros
but with a compression factor of two.

Figure 6 shows a plot of the permeability based on the m
sured porosity of the compressed metal foam samples. There
difference made in the plotting of data points between foams
95% and 92% precompression porosity; all are placed on the s
scale by their measured porosity in compressed form. In Fig
the data plot a rather smooth curve. However, the dependenc
the permeability on porosity becomes steeper at higher value
porosity. At the low end of the tested porosity range, foam 95-
with a measured porosity of 60.8%, had a calculated permeab
of 2.46310210 m2. Comparing this to the next foam, 92-06
which had a measured porosity of 66.9%, the permeability
creased to 3.88310210 m2. An increase in porosity of 6.1%
caused an increase in the permeability of 58%. This chang
porosity and its associated change in permeability are contra
to the difference between the two foams which had a compres
factor of only two, namely 95-02 and 92-02. The foam 92-02 h
a measured porosity of 87.4% and a permeability of 3
310210 m2. Increasing the porosity by a mere 0.8% to 88.6%,
characterized by foam 95-02, caused the permeability to incre
to 44.4310210 m2, an increase of 21%.

The form coefficient also varied with the compression of t
om
bay user on 15 February 2020
Table 2 Calculated from flow characteristics
MARCH 2002, Vol. 124 Õ 267
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metal foam blocks and the differing pre-compression porosit
ultimately being controlled by the porosity of the compress
metal foam. The form coefficient of the foams increased mo
tonically with decreasing porosity, with only one exception. Fo
95-02 was the most porous foam tested with a measured por
of 88.2% and a form coefficient of 1168 m21. Foam 92-02, which
was the second most porous compressed foam tested~87.4%! had
a slightly lower form coefficient of 1142 m21. However, consid-
ering the calculated uncertainty of the form coefficients at 3.5
3.6%, these two values of 1168 m21 and 1142 m21 overlap, thus
giving reasonable answers when considering the monotonic
crease of the form coefficient with decreasing porosity.

Figure 7 shows the pressure-drop data and associated
curves against the Darcian flow velocity for the uncompres
foam blocks. The left-hand ordinate gives the length-normali
pressure-drop, and the right-hand ordinate is the scale of the
sured pressure-drop values across the 80 mm-long foam b
The flowrate varied from 1.00 l/min to 11.22 l/min~0.036 m/s to
0.410 m/s Darcian flow velocity! for the uncompressed foam
blocks. Table 2 lists the permeability, form coefficient, and th
respective uncertainties. TheA and B coefficients used in the
curve fitting are also listed.

The three aluminum foam blocks which were tested were
nearly the same porosity~within 0.8%!. The only difference be-
tween the samples was the average pore diameter. Referrin
Table 1, the porosities of these uncompressed aluminum f
blocks ranged from 92.0% to 92.8%, and the pore diameter va
from an average of 6.9 mm to 2.3 mm. The difference in p
diameter appeared to dramatically affect the permeability
form coefficient of the foams. Decreasing the pore diameter
creased the permeability and increased the form coefficient.
10 PPI foam, which had a pore size of 6.9 mm, generated the
flow resistance with a permeability of 3529310210 m2 and a form
coefficient of 120 m21. In contrast, the 40 PPI foam with a por
size of 2.3 mm, had the greatest flow resistance with a perme
ity of 712310210 m2 and a form coefficient of 362 m21. The

Fig. 6 The permeability of compressed foams is plotted
against the values of the measured porosity. The uncertainty
values for the permeabilities are gives in Table 2, and the un-
certainty value of the measured porosity is estimated at a con-
servative 3%.

Table 3 Decrease in permeability †%‡
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increase in flow resistance directly relates to the ‘‘effective surfa
length’’ as explained by Lage@5#, which relates an increase in
drag to the increase in the specific surface area.

Transition From Linear Darcy Regime. An important out-
come of this study is the ability to determine when the pressu
drop across a metal foam leaves the linear Darcy regime
enters the form-dominated pressure-drop regime, characterize
the addition of the quadratic term to the linear Darcy law, Eq.~5!.
Making the substitution of Eqs.~6! and ~7! into Eq. ~8! and rear-
ranging it into the following form, gives a graphical means b
which the linear and nonlinear flow regimes can be separated

DP

Lv
5A1Bv (12)

The data from the pressure-drop experiments on the unc
pressed foam were plotted in Fig. 8 according to Eq.~12! against
the fluid flow speed. Figure 8 is separated into parts (a), (b), and
(c) depending on the pore diameter as labeled by the foam ma
facturer as 10 PPI, 20 PPI, and 40 PPI. In Table 1, these la
correspond to average pore diameters of 6.9 mm, 3.6 mm, and
mm, respectively. The discrete data points in Fig. 8 are the exp
mentally obtained data points, and the lines which are sho
passing through the points are the second-order curves fitted to
pressure-drop data points using the curve-fitting technique
scribed by Eqs.~5!–~10!.

As expected from a quadratic relationship when the coefficie
A andB of Eq. ~12! are constant, the plotted line has a slope ofB
and ay-intercept ofA. WhenB is equal to zero, the line is hori-
zontal. This horizontal region describes the pressure-drop reg
where the form constant,C, is zero and the pressure-drop is go
erned entirely by Darcy’s law, Eq.~1!. These two regimes are see
by the discrete experimental points plotted in Fig. 8. In Fig. 8~a–
c!, the experimental points form a horizontal line in the Darci
flow regime where the flow speeds are less than 0.101 m/s, 0
m/s, and 0.074 m/s, respectively. At flow velocities greater th
these transitional flow velocity values, the experimental d
points turn onto the curve-fitted line with a non-zero slope ofB,
which by Eq.~7!, is the product of the fluid density,r, and the
form coefficient,C.

The question arises as to which parameter best describes
transition of the pressure-drop from a linear to quadratic curve
factor commonly used to determine the transition between fl
regimes is the Reynolds number, which can be described in th
different ways in the area of open-cell metal foams. The fi
method relates the Reynolds number to the square root of
permeability,K.

Fig. 7 Pressure-drop versus fluid flow velocity for the three
uncompressed metal foams. The experimental uncertainty val-
ues are 0.0125 bar Õm in the length-normalized pressure mea-
surement, 0.001 bar in the actual pressure measurement, and
0.004 mÕs in the fluid flow velocity measurement.
Transactions of the ASME
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ReK5
rvAK

m
(13)

However, the value forK may be calculated by two differen
methods. One method uses the pressure-drop data points fr
zero flow velocity value up to and including the velocity at whi
the transition to the quadratic regime takes place. The sec

Fig. 8 „a… The quantity „DPÕLv … for the 10 PPI foam „6.9 mm
pore diameter … is plotted to show the pressure-drop deviation
from Darcy’s law at fluid flow velocities greater than 0.101 m Õs.
The discrete points represent the experimental data, and the
straight line is the corresponding quadratic curve-fit. „b … The
quantity „DPÕLv … for the 20 PPI foam „3.6 mm pore diameter … is
plotted to show the pressure-drop deviation from Darcy’s law
at fluid flow velocities greater than 0.110 m Õs. The discrete
points represent the experimental data, and the straight line is
the corresponding quadratic curve-fit. „c … The quantity
„DPÕLv … for the 40 PPI foam „2.3 mm pore diameter … is plotted
to show the pressure-drop deviation from Darcy’s law at fluid
flow velocities greater than 0.074 m Õs. The discrete points rep-
resent the experimental data, and the straight line is the corre-
sponding quadratic curve-fit.
Journal of Fluids Engineering
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method uses a larger flow velocity range which encompasses
transitional flow velocity by a subjective amount.

The third method bases the Reynolds number on the ave
pore diameter. In this method, the permeability,K, in Eq. ~13! is
replaced by the average pore diameter of the respective unc
pressed open-cell aluminum foam, as tabulated in Table 1.

Rep5
rvDp

m
(14)

Table 4 gives the Reynolds numbers at the transitional fl
velocities using these three methods as described above. Usin
permeability based on a maximum flow velocity which equals
transitional flow velocity~limited range!, the flows for the three
open-celled aluminum foams entered the quadratic pressure-
relationship at Re values of 26.5, 22.3, and 14.2 for the 10 PPI
PPI, and 40 PPI aluminum foams, respectively. These Re va
correspond to fluid flow velocities of 0.101 m/s, 0.110 m/s, a
0.074 m/s. These velocities are contrasted to the maximum
velocity tested, 0.410 m/s. This maximum velocity was used in
second method~full range! and generated a larger spread of tra
sitional Re of 62.4, 37.8, and 20.5 for the 10 PPI, 20 PPI, and
PPI foams, respectively. Using the third and final method of re
ing the Re to the average pore diameter gave the widest rang
transitional Re of 725, 412, and 177 for the 10 PPI, 20 PPI, and
PPI metal foams, respectively.

Even though each method produces transitional Re within
respective order of magnitude, the best approach from these
is first method, which uses the permeability calculated at the tr
sitional flow velocity. This method provides the narrowest tran
tional Re number range (;O(10)) with an easily calculable
scheme. The only drawback is that one must perform experim
just beyond the transition point in order to witness the deviation
the (DP/Lv) plot.

Permeability and Form Coefficient Flowrate Dependence.
Previous works which investigated the hydraulic characteristic
highly porous media found that values for the permeability a
form coefficient of the porous medium depend upon the flow
locity range over which they are calculated@27#. The permeability
and form coefficient were calculated for each compressed
uncompressed foam by varying the flow velocity range o
which the terms were calculated to investigate this depende
For the compressed foam samples, each calculation used the
of flow velocities from the common minimum, 0.010 m/s, to var
ing maxima at which the data points are plotted. Figures 9 and
plot the permeability and form coefficient against the fluid flo
velocity for the compressed foams, beginning at 0.010 m/s
continuing to 1.042 m/s.

Looking at the permeabilities plotted against the fluid flow v
locity for the compressed foam blocks in Fig. 9, it becomes i
mediately apparent that the range over which the permeabilit
calculated affects its value. The relatively flat region of the p
meability located near the low end of the range marks the lin
pressure-drop flow regime where Darcy’s law holds. The value
the permeability reaches a maximum at a value of the Darc
flow velocity of approximately 0.2 m/s. For example, at this flo
velocity, foam 95-02 has a peak permeability of 175310210 m2.
After this peak, all permeabilities decrease and level off to th
respective values which are tabulated in Table 2 and were
tained using the entire flowrate range tested~up to 1.042 m/s fluid
flow velocity!. A possible explanation for this peak and the fo

Table 4 Transitional Reynolds number in uncompressed alu-
minum foams
MARCH 2002, Vol. 124 Õ 269
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lowing decrease in value may be offered by the least-squ
method of calculating the permeability-based Reynolds num
ReK . Forcing a curve fit onto data points which are compara
weighted in both the linear and quadratic regimes caused this
to arise in the region of the transition points. When more poi
are accumulated in the quadratic region, i.e., as the fluid fl
velocity continues to increase after the transition point, the ma
ity of the curve-fitting points in the quadratic region then dom
nate and the permeability converges to its ultimate value.

The behavior of the form coefficients of the compressed fo
samples in Fig. 10 mimicked the behavior of the changes in
meability in Fig. 9, which showed a trend of rising values un
peaking at a fluid flow velocity of approximately 0.2 m/s. Aft
this peak, the form coefficients of all foam blocks converged i
monotonic fashion to their respective values which were obtai
by using the entire flowrate range~up to 1.042 m/s!. These form
coefficient values obtained from the calculation over the en
flowrate range are given in Table 2. This behavior in the low
flow velocity range may be explained by the same reasoning
the initial rise in the permeability, i.e., the flow is passing throu
the transition point into the quadratic-dominated flow regim
Forcing a curve fit onto the data points which are compara
weighted in both the linear and quadratic regimes caused t
peaks to develop around the transition points.

The same permeability and form coefficient calculation proc
was used for the data sets of the uncompressed foam blocks. H
ever, the flowrates spanned from 1.000 l/min. to 11.220 l/m
which corresponded to Darcian flow velocities from 0.037 m/s

Fig. 9 Plot of the permeability, K , for the compressed alumi-
num foam blocks using a maximum flow velocity which corre-
sponds to the velocity value at which the K value is plotted

Fig. 10 Plot of the form coefficient, C, for the compressed
aluminum foam blocks using a maximum flow velocity
which corresponds to the velocity value at which the C value
is plotted
270 Õ Vol. 124, MARCH 2002
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0.410 m/s. The permeability, which is plotted at the lowest flo
velocity ~0.037 m/s!, is based only on that single data point. Th
rest of the calculated permeabilities include all data points
tween the lowest flow velocity of 0.037 m/s and up to and inclu
ing the flow velocity at which the respective permeability value
plotted. Figure 11 plots the permeability based on an increas
maximum fluid flow speed. The permeabilities of the three u
compressed foams are nearly constant in the lower fluid fl
speed range, up to the flow speed of approximately 0.1 m/s, w
was previously explained as being the range in which the fl
enters the quadratic pressure-drop regime. The values of the
meability for the 20 PPI and 40 PPI foams peak at a fluid fl
velocity of approximately 0.2 m/s, and then decline and rem
somewhat steady for the rest of the flow speed range tested, u
0.410 m/s. This behavior resembles the behavior of the c
pressed metal foams, as seen in Fig. 9, and indicates tha
quadratic curve fits well to the data. The permeability of the
PPI foam, however, continued to rise after the transitional fl
flow velocity of 0.101 m/s, ultimately peaking just short of th
maximum fluid flow speed tested, 0.410 m/s.

Figure 12 plots the form coefficients for the three unco
pressed foams. The values of the form coefficient of all th
foams start at a value of nearly zero and then increase up to a
flow velocity of approximately 0.2 m/s. Here the form coefficien
obtain a maximum value and remain constant for the rest of
fluid flow speed tested, up to 0.410 m/s. As previously explain
decreasing the pore diameter consistently increased the flow r
tance, and this change was also reflected in the changing f

Fig. 11 Plot of the permeability, K , for the uncompressed alu-
minum foam blocks using a maximum flow velocity which cor-
responds to the velocity value at which the K value is plotted

Fig. 12 Plot of the form coefficient, C, for the uncompressed
aluminum foam blocks using a maximum flow velocity
which corresponds to the velocity value at which the C value
is plotted
Transactions of the ASME
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coefficients. The 10 PPI foam, which had the largest pore di
eter of 6.9 mm and the smallest specific surface area
820 m2/m3, also had consistently the lowest form coefficient, w
an ultimate value of 120 m21. The 40 PPI foam, which had th
smallest pore diameter of 2.3 mm and the largest specific sur
area of 2700 m2/m3, consistently generated the largest form co
ficient, with an ultimate form coefficient value of 362 m21. This
behavior was already witnessed in the discussion of Fig.
whereby increasing the surface area increased the total drag
steadiness of the form coefficient beyond the fluid flow spe
range of approximately 0.22 m/s indicates a good quadratic cu
fit to the data and validates the use of the quadratic pressure-
relation, Eq.~5!, as long as the flowrate range used in the cal
lation extends beyond the transition point.

Uncertainty Analysis
The uncertainties generated by the least-squares curve fi

given by the general formula for error propagation@29# applied to
the least-squares curve fit equations, Eqs.~9! and ~10!, which
yields the following equations for the uncertainty of theA andB
coefficients of Eq.~8!.

DA5A(
i 51

n S ]A

]xi
Dxi D 2

1(
i 51

n S ]A

]yi
Dyi D 2

(15)

DB5A(
i 51

n S ]B

]xi
Dxi D 2

1(
i 51

n S ]B

]yi
Dyi D 2

(16)

Eachi term represents a single data pair~Darcy flow velocity and
length-normalized pressure!. The corresponding partial deriva
tives of Eqs.~9! and ~10! were calculated and inserted into Eq
~15! and~16! in order to obtainDA andDB. BacksolvingA for K
in Eq. ~6! yields the uncertainty for the permeability. Assumin
zero uncertainty for the dynamic viscosity, this gives the follo
ing relationship.

sK5
DA

A
3100% (17)

The uncertainty of the form coefficient is given by backsolvi
Eq. ~7! and applying the same error propagation technique a
Eqs.~15! and~16!. Assuming zero uncertainty in the density ter
gives the uncertainty of the form coefficient as

sC5
DB

B
3100% (18)

The uncertainties of the permeabilities and the form coefficie
are tabulated in Table 2.

Conclusions
Open-cell metal foams were experimentally tested to evalu

their hydraulic characteristics using water. The experimental
trix of metal foams consisted of open-cell aluminum foams
various porosities and pore diameters in both compressed an
compressed form. The characterization procedure involved s
ing for two terms, the permeability and the form coefficient. The
two factors accurately described the pressure-drop vs. flow ve
ity behavior in porous media in general and were shown to
applicable to high porosity metal foams. From these experime
and the reduction of the data, several conclusions can be dra

1 The structural differences in the precompressed form
tween the originally 95% and 92% metal foams did not hav
noticeable effect on the permeability. When comparing co
pressed foams with varying degrees of compression and in
porosities, the post-compression porosity governs the permeab
and the resulting pressure-drop.

2 Similar compression factors had similarly weighted effe
on both foams with 95% and 92% pre-compression porosity.
Journal of Fluids Engineering
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creasing the compression factor decreased the permeability o
foam by regular, incremental amounts, which were nearly eq
for each of the two foam series.

3 The permeability of the compressed foams became more
sitive to changes in the porosity as the porosity increased.

4 Holding the porosity constant and decreasing the pore di
eter increased the flow resistance in the uncompressed m
foams by reducing the permeability and increasing the form co
ficient. This increase is attributed to the higher specific surf
area generated by the smaller pore size.

5 The transition regime between the linear Darcy regime a
the well-defined quadratic flow regime for all metal foams tes
occurred in a ReK range between unity and 26.5 based on t
calculation of the permeability and form coefficient in this rang

6 The narrowest range of transitional ReK was obtained when
the permeability was calculated using a flowrate range from z
to the flow velocity at which the transition occurred.

7 Using different flow velocity regimes resulted in various pe
meability and form coefficient values. Whenever the permeabi
and the associated form coefficient for a high-porosity porous
dium are stated, the flow velocity range over which these te
are calculated must also be specified for accuracy.
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Nomenclature

A 5 coefficient for curve fitting@bar•s•m22#
B 5 coefficient for curve fitting@bar•s•m23#
C 5 inertia coefficient@m21#
D 5 diameter@m#
K 5 permeability@m2#
L 5 length @m#

M 5 compression factor
P 5 pressure@bar#
Q 5 volumetric flowrate@m3s21#

ReK 5 permeability based Reynolds number@rvK1/2m21#
Rep 5 pore based Reynolds number@rvDpm21#

v 5 velocity @ms21#

Greek

D 5 difference
« 5 void fraction @range1.0>«.0.0#
m 5 dynamic viscosity@kg•m21s21#
r 5 density@kg•m23#
s 5 uncertainty@%#

Subscripts

D 5 Darcy
K 5 permeability based
cs 5 cross-section

i 5 single, independent data point reference notation
p 5 pore diameter based
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MARCH 2002, Vol. 124 Õ 271



o

9

a

n
o

C

ed
ass

nel
le

ure
g.

rely
g.

ow

nd
r in

r
Me-

ch.

e

n-
lly

,

D
ow

nloaded from
 https://asm

edigitalcollection.asm
e.org/fluidseng
abfall in keramischen Schaumstrukturen bei erzwungener Stro¨mung,’’ Wärme-
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