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Laboratory of Thermodynamics in Emerging Open-cell aluminum foams were investigated using water to determine their hydraulic
Technologies, characteristics. Maximum fluid flow velocities achieved were 1.042 m/s. The permeability
Institute of Energy Technology, and form coefficient varied from 2.46107°m? and 8701 m* to 3529x10 1°m? and
Swiss Federal Institute of Technology, 120 m™1, respectively. It was determined that the flowrate range influenced these calcu-
ETH Center, 8092 Zurich, Switzerland lated parameters, especially in the transitional regime where the permeability based Rey-
nolds number varied between unity and 26.5. Beyond the transition regime whgre Re
=30, the permeability and form coefficient monotonically approached values which were
reported as being calculated at the maximum flow velocities attained. The results obtained
in this study are relevant to engineering applications employing metal foams ranging from
convection heat sinks to filters and flow straightening devife®I: 10.1115/1.1429637
Introduction medium is proportional to the product of the fluid velocity and the

This study investigates the hydraulic characteristics of a quug%?t?or?]; \{ésfr?:'t)g?;feraﬁﬁed by Krger[7)), and inversely pro-
flowing through a rigid, open-cell, metal foam. The metal foam i P Y-
an intricately detailed structure, which is manufactured from a Ap
variety of molten aluminum processésig. 1(a) and Fig. 1b) in T kY (@)
uncompressed form and Fig(c) and Fig. 1d) in compressed
form). The structure of the metal foam opens itself to many apiowever, Darcy’s law is applicable only for relatively slow-
plications due to its large surface area to volume ratio and highoving flows, where the permeability-based Reynolds number is
permeability. The list of possible applications includes lightsmall.
weight high-strength structural applications, mechanical energy
absorbers, filters, pneumatic silencers, containment matrices and R :P\/R <0(1) @)
burn rate enhancers for solid propellants, flow straighteners, cata- & o v
lytic reactors, heat sinks, and heat exchangers. In addition to fl
applications, thermally conductive porous media may also i
crease the thermal conductance of a solid-fluid system simply BS/
their physical presendd—3]. 0

The use of open-cell metal foams in fluid-flow applications re- Q
quires a thorough understanding of the pressure-drop behavior of Up 3)
the fluid flowing through the porous structure. Extensive work has
been done to characterize the pressure-drop behavior of fluid flewthe pore(filter) velocity, as given by the Dupuit-Forchheimer
through porous media, but these are often limited to packed gramgtation[8] which accounts for the presence of the solid phase in
lar beds or beds of packed spheres. An excellent review on ti@ channel by dividing the Darcy velocity by the volumetric void
subject involving such granular materials can be founf4inAs fraction of the mediun{assuming an isotropic mediym
seen in Fig. 1, the structure of the open-cell metal foam is com-

‘he velocity termv in Eq. (1) can be either the Darcian velocity
the fluid flow, which is based on the cross-section dimensions
the channel

T areag

pletely different from that encountered in packed beds of spheres. v _vo )
Because of these structural differences, the characterization of the Pe

ressure-drop through the open-cell metal foams requires a re- . . . L.
gewed reseaFr)ch ef'fo?t. P q I%elther velocity can be used in the characterization and derivation

of the permeability, but one must state which velocity is used in
the calculation$4,9,10.

As the flow velocity increases, the form drag becomes more
Theory prevalent and must be considered for an accurate description of
Different models have been developed in the past 150 yearsthe pressure-drofill]. This effect is accounted by the addition of
characterize the fluid flow in a porous matrix on the basis dfie form drag ternC as suggested by Dupyit2] which yields

macroscopically measurable flow quantities. A thorough historictide following quadratic relation for the pressure-drop.
review of the work in porous media can be found%3. The first

of these models can be traced back to Darcy’s publication in 1856 ﬂ _ ﬁv +pCo? (5)
[6]. He established the well-known Darcy’s law which states that L K

the pressure-drop per unit length for a flow through a POTOYS < form drag compensatio§, may vary according to the po-
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The addition of the quadratic term in E&) has been proven to
be applicable for packed beds of spheres for permeability based
Reynolds number in the range 8®Re>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 the
packed bed instead of spheres of equal diameter which pack regu-
larly. Beyond this Rg range, Lage et al.24] demonstrated the
existence of a third regime which requires a cubic velocity term
for an accurate description of the pressure-drop in metal foams,
which is in line with that considered by Forchheimer when study-
ing large sets of hydraulic data from flow through porous media
[25].

There are several ways by which the permeability,and the
form coefficient,C, can be calculated through experimentation.
One approach has been to modify Ef) to bring it into linear
form and then extrapolate to determine the coefficients as done by
Givler and Altobelli[26]. However, this method has been shown
to lack accuracy due to the extrapolation, and therefore a more
direct and accurate way has been introduced by Antohe E274l.
using a least-squares quadratic curve fit through the pressure-drop
versus fluid-speed data points. A direct advantage of the least-
squares curve fit using the form coefficient is the provision for an
accurate uncertainty analysis, which is beneficial when analyzing
and reporting quantities derived from experimental results. The
least squares curve-fitting process works as follows. Making the
following substitutions in Eq(5),

%
A=y (6)

and
B=pC (7)

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

Ap

T =Av+Bv? (8)
Fig. 1 (a) Aluminum foam block which measures 10.0cm in which A andB are solved through the least squares curve fit
X4.0cmX15cm, 92% porous (10 pores per linear inch  technique. Applying the least-squares quadratic fit on 9.
=6.9 mm pore diameter ); (b) magnified view of a single pore gives the following results for the coefficierdsandB.

from Fig. 1 (a); (c¢) aluminum foam block as depicted in Fig. 1 n n n
(a), but compressed by a factor of four, which decreased the 2 P 3
porosity from 92% to 76.1%; (d) magnified view of the foam in 2 XiYi Z Xi | — 21 Xi'Yi 2 X
Fig. 1 (c). A= - )

the container wal[14] causing “tunneling effects” which may
increase the permeability of the systgbhd]. This effect, however,

is not applicable in the study of the hydraulic characteristics of

metal foam because of the metal foam production process. The _
metal foam production process generates large quantities of liquid

foam inside a container whose dimensions are much larger than (
the pore size. After the foam has been produced in bulk, it is then

cut to specification, effectively eliminating any type of wall-|n these equations, the’s represent the various fluid flow veloci-
interference on the final foam structure. A consistent porosity fes at which the data were taken and shis represent the respec-
thus malntqlngd throughout.the foam without the need for anye measured pressure-drop per unit length values. Knowing
porosity variation consideratior46]. and B, the permeability and inertia coefficient are obtained by
There exists no general relationship between the permeabilf¥cksolving Eq(6) and Eq.(7).
of a porous medium and porosity because the permeability is af-
fected by the form of the solid structufé]. Different mathemati- .
cal models have been developed with varying degrees of succgggpe”memal Apparatus and Procedure
in order to predict the permeability of porous media using simpli- The experimental setufig. 2) used to measure the pressure-
fied structures, with the majority consisting of packed beds diffop for characterization of the metal foams consisted of a foam
spheres[15,17-19. However, the structure of the metal foamtest housing, a pump to circulate the fluid, various flowrate mea-
confronted here is notably more complex than that of a packedring apparati, two pressure transducers for different pressure
bed of spheres. Although some models of flow through variowuanges, and degassed, deionized water as the working fluid. This
representations of this complex structure have been develogsdup models that which would use metal foam heat exchangers to
with limited succes$20-22, detailed experimentation is still re- cool electronics which dissipate large amounts of heat. The func-
quired to accurately measure the permeability of the material. tion of the foam test housing was to provide a secure means to

(10)
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Rotameter (a) (b)

Data Acquisition PC METAL FOAM
F A T s > 7 % 7 i VI 2} |
E 7 VAV 7
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E Test Housing \/ 1
E PRESSURE PORTS 7 T
E i v
g FLOW FLOW / \
E INLET OUTLET )
d FLOW ke 4om FLOW
INLET e— Tcm ——> OUTLET
Flow | | Pressure Transducer Fig. 3 (a) Metal foam test housing cross-sectional view of the
Control Thermocouples inlet, outlet, and foam positioning during the pressure-drop
Valve characterization experiments. (b) Top view of the metal foam
test housing with the lid removed for clarity.
ports at a distance of 1.5 cm from the entrance and exit of the
Valve Array foam reduced the static pressure-altering effects of the fluid accel-
eration and deceleration. The six additional ports located at the
ala Acq Device 4
(L — . edge of the foam block were used as a check for symmetry in the
] pressure. Discrepancies between the left and right hand sides of
Water Recirculator -~ = = N .
Water Flow the pressure measurements during experimentation did not exceed
) . ] 3%, and were therefore, neglected.
Fig. 2 Diagram of the experimental apparatus used to mea- Two different pressure transducers were used depending upon

sure the pressure drop over various configurations of metal

foam the pressure range of interest. For the lower range, a Huba 692

differential pressure transducer was used for the pressure range
between 0.0 and 0.200 bar with an accuracy-6f5% FS. For the
higher pressure range, an Omega differential pressure transducer
hold the metal foam, to channel the fluid flow through the operfPX81D0O-050D7 was implemented for differential pressure
cell metal foam, and to provide a means to measure the pressumeasurements up to 3.45 bar with an accuracy-6f25% FS.
drop across the foam. Figuréad is a cross-section of the foam The flowrate was measured with two flowmeters, the Omega FLR
test housing showing the passage of the fluid through the housit@09 for a flowrate range from 0.0 I/min. to 0.500 I/min, and the
and the foam. Figure(B) shows the same housing but from a togDmega FLR 1012 for the flowrate range between 0.500 I/min. and
view without the lid for clarity, and allows one to see how thé&.000 I/min. Each flowmeter was calibrated to withirl.5% FS
metal foam blocks were placed in relation to the pressure pogscuracy. For the larger flowrates attained in the uncompressed
located in the bottom of the channel. The foam blogkeasuring foam experiments, a Wisag 2000 rotameter was used for the flow-
40.0 mmx 40.0 mmx 2.0 mm) were held securely by means of arate range from 1.000 I/min. to 11.220 I/min with1% FS accu-
tight fit inside the channel. After numerous experiments requiringcy.

the changing of the foam blocks by removing the lid, movement The acquisition of the signals from the sensors which included
of the foam in the channel direction was never observed. Theth pressure transducers and two electronic flowmeters was
small ports which were drilled into the bottom of the channel wergandled by a USB data acquisition device manufactured by
0.4 mm in diameter and located before and after the foam td€tTech. The device was attached via a USB port on a PC running
pieces, as shown in Fig.(I3. These ports were attached to theNindows 98 which controlled the IOTech data acquisition device
pressure transducer through eight different valves which alloweding LabVIEW software. With this configuration the pressure
each of the seven pressure ports to be measured directly agaamst flow data were viewed and recorded to the PC hard drive in
the reference port, which was the last port downstream of theal time.

water flow. All reported pressures were measured between the twd\ Neslab chiller(CFT-75 pumped water through the foam test
outermost ports, spanning a distance of 7.0 cm. By conservatioousing. It also regulated the water temperature at 20.0°C to
of mass, the incompressible liquid must accelerate as it enters thiéhin =0.5°C. The pressure-drop experiments were conducted
foam because the effective cross-sectional area of the channédtasn the low-end to the high-end of the flowrate range. As a check
reduced by the physical presence of the foam in the channel. The hysteresis, selected experiments were performed from the
opposite occurs when the liquid leaves the foam; the liquid velobigh-end of the flowrate range to the low-end. No hysteresis was
ity must decrease in order to compensate the increase in the @iserved in these experiments when they were compared to the
fective cross-sectional area of the channel. Locating the presspressure measurement data taken by varying the flowrate from

Table 1 Compressed foam physical data

Foam Compression Name Expected Porosity [%)] Measured Porosity [%)]
5% 2 95-02 90.0 882
4 95-04 80.0 805
6 9506 70.0 68.9
8 95-08 60.0 60.8
8% 2 92-02 84.0 87.4
3 92-03 76.0 82.5
4 92-04 68.0 761
5 92.05 60.0 722
5 92-06 520 66.9
Uncompressed Foam Physical Data
Foam  Pore Diameter [mm] Specific Surface Area [m*/n’] Measured Porosity [%]
10 PPI 69 820 92.1
20 PRI 36 1700 92.0
40 PPIL 23 2700 928
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100 g - ; - blocks used in the pressure-drop experiments were 40.0 mm
: : Expected Porosity (95%) | 1 X 40.0 mmx 2.0 mm, with the cross-sectional area normal to the

i.| ® Effective Porosity (95%) | ] flow direction measuring 40.0 my2.0 mm.
----- Expected Porosity (92%) | In Table 1, the physical characteristics of the three blocks of
= Effective Porosity (92%) | ] uncompressed foam are given. The foams are labeled by their

; i 7] characteristic pore diameter in inch@s specified by the manu-

; : facturep, which are 10, 20, and 40 pores per linear inéPl).
However, due to the subjective nature of the pore counting, the
uncompressed foams were viewed under a microscope and the
pore diameters were measured by hand to an accuracy of
+0.5mm and tabulated in Table 1. This provides a more objective

: ; ; ; description of the actual foam geometry for comparison purposes.
50 L L L . These foams have open pore diameters of 6.9 mm, 3.6 mm, and
2.3 mm, respectively. Each uncompressed foam block tested was

(%]

M 12.0 mnmx 38.0 mnix 80.0 mm, with the flow cross-section mea-
Fig. 4 The expected compressed metal foam porosities based suring 12.0 mnx 38.0 mm. The blocks were cut to final external
on the precompression porosity and nominal compression fac- tolerances by an electro-discharge machining system to minimize
tors are graphically compared against the measured values deformation of the solid structure and to ensure uniform porosity

to the outer edges of each block. The porosity of each block was
calculated by dividing its weight by the volume, as measured by
the external dimensions, and then comparing this value to the
low to high. Therefore, all data used in the calculations were takégnsity of the solid metal, aluminum 6101. The surface area to
as an average from four experimental trials, adjusting the flowratglume ratio(specific surface ar¢as also tabulated for the un-
from low to high. The temperature of the water during the expertompressed metal foam blocks in Table 1. This specific surface
ments was held constant at 26.0.5°C. Within the temperature area data were provided by the foam manufact[28}.
range of 0.5°C, the physical properties of water do not vary
enough to be considered in the calculations when compared to hgsylts and Discussion

uncertainties generated by the data acquisition equipment. .
All data were calculated and reported on a Darcian flow veloc-

Metal Foam. Table 1 gives an overview of the physical propity basis, as given by Ed3). This velocity accounts only for the
erties of all foams which were tested. All foams were manufachannel dimensions, is independent of the porosity of the test
tured from 6101 aluminum alloy. To generate the array of conmaterial, and is practical for comparison against other data sets of
pressed foam blocks in Table 1, 40 PPI fod&i3 mm pre- porous media. The pressure-drop data for both the compressed
compression pore diamejesf two different initial porosities, one and uncompressed foam blocks were taken and normalized on a
of 92% and the other of 95%, were compressed by various fact@éngth-scale basis, which was based on the respective lengths of
ranging from two to eight. The notation used for the compressete foam blocks of 40.0 mm for the compressed metal foams and
foams works as follows: The first two digits of the foam’s namg0.0 mm for the uncompressed metal foams. From these data, a
designate the porosity of the foam in pre-compressed form. Thaadratic curve was fitted through the data points for each foam
second pair of numbers of the foam name after the hyphen signisjock according to Eqg6)—(10).
the compression factor. For example, foam 95-05 designates @igure 5 shows the pressure-drop experimental data and the
foam that was 95% porous in its uncompressed state and thgred curves in graphical form for the compressed blocks based on
compressed by a factor of six, which in the final compressed stafige Darcian velocity. Figure 5 is separated int) @nd () ac-
corresponds to finished foam of one-sixth of its original uncontording to pre-compression porosities of 95% and 92%, respec-
pressed height. tively. The left-hand ordinate is the length-normalized pressure

The procedure for compressing the foams, as explained by t@p and the right-hand ordinate is the pressure drop for one
manufacturer, allows the foam to expand freely on the open lategg-mm long aluminum foam block. By backsolving the constants
sides of the compression device. By not restraining the later@landB from the fitted curves as given in Eq®) and (7), the
edges of the foam block while being compressed, the isotropicifgrmeability, form coefficient, and their respective uncertainties,
of the aluminum in the foam is claimed to be held more consistewere calculated for each foam block using the entire flowrate
by avoiding mass accumulation along the edges of the compresnge tested for each foam block. This corresponded to a flowrate
sion device. However, as the foam is being compressed, whatergtige of 0.00 I/min. to 5.00 I/mi{0.00 m/s to 1.04 m/s Darcian
mass of foam extends beyond the original lateral dimensionsfisw velocity) for the compressed foam. The only exception was
lost when the foam is machined to final tolerances, and hence, tham 95-08. The maximum pressure for the pressure transducer
measured porosity of the final compressed state of the foam m@y45 bay was reached with a flow velocity of 0.729 m/s while
be higher than expected for a given compression factor becatssting the 95-08 foam block, and therefore, the maximum usable
this solid portion of the original foam is lost. To measure theata pair(flow velocity, pressurein the quadratic least-squares
actual values of the porosity, each compressed foam block wagve fit for foam 95-08 was obtained from this flow velocity
weighed, and based on the nominal external measurementsvalue. However, the fitted pressure-drop curve for foam 95-08 was
effective porosity was calculated and compared to an expectgidtted over the entire flow velocity range from 0.00 m/s to 1.04
final porosity based on the foam’s initial solid fraction and comm/s in Fig. Fa) for comparison purposes. Table 2 gives the per-
pression factor. The expected porosity was based on the simpleability, the form coefficient, thé and B coefficients used in
physical relation for a change in volume, wheveis the com- the curve fitting procedure, and their respective uncertainties for
pression factor(ratio of the original uncompressed foam blockyoth the compressed and uncompressed foam blocks.
height to the final compressed heighnhde is the void fraction of  Reviewing the pressure-drop data from both the compressed
the material (6<e<1). and uncompressed foams, it becomes apparent that the flow

R “1-M(1—& X (11) through open-cell metal foams deviates from Darcy law flow be-
compressed” uncompress havior, i.e., the pressure-drop across the foam is a quadratic func-

Figure 4 shows the expected porosity of the compressed fodion of the flow velocity. It is of interest to compare the effects of
blocks as lines with the actual porosity measurements representechpression on the permeability and form coefficient for each
as points. The final overall dimensions of the compressed fodoam block, which are tabulated in Table 3. As seen in Fig. 5, the
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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 /m in the length-normalized pressure measure-
ment, 0.0088 bar in the actual pressure measurement, and 0.013 m /s 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 /m in the length-normalized pressure measurement, 0.0088 bar in the actual
pressure measurement, and 0.013 m /s in the fluid flow velocity measurement.

compression has a profound effect on the pressure-drop behayyy permeability to 8.0210"°m?, a decrease of 78.0%. The
of a compressed foam. Both foam sample series which were 9%f{ghest compression ratio for the 92% foam series which was
and 92% porous before compression showed similar flow behagsted was six. The permeability at this level of compression was
ior with respect to the changes in the compression factor. For tbﬁ|y 3.88< 107 19m?2, which is a reduction of 89.4% when com-
95% original porosity series, increasing the compression faci§ared to the permeability of the foam of the same initial porosity
from two to four reduced the permeability from 4440 °m?to  but with a compression factor of two.
19.7x1071°m?, or a relative reduction of 55.6%. Increasing the Figure 6 shows a plot of the permeability based on the mea-
compression factor from two to six reduced the permeability toured porosity of the compressed metal foam samples. There is no
value of 5.25¢ 10~ 1°m?, which is a reduction of 88.2%. For the difference made in the plotting of data points between foams of
last compressed foam block which was originally 95% porou8p% and 92% precompression porosity; all are placed on the same
increasing the compression factor from two to eight reduced tReale by their measured porosity in compressed form. In Fig. 6,
permeability to 2.4& 10 1°m?, which is a significant reduction the data plot a rather smooth curve. However, the dependence of
of 94.4%. the permeability on porosity becomes steeper at higher values of
The other series of compressed foam blocks which where 9Rgrosity. At the low end of the tested porosity range, foam 95-08,
porous before compression showed approximately the same s&jth @ measured porosity of 60.8%, had a calculated permeability
sitivity between the compression factor and the change in pern®¥- 2.46< 10~ '°m?. Comparing this to the next foam, 92-06,
ability. The first sample, which was compressed by a factor ®gfhich had a measured porosity of 66.9%, the permeability in-
two, had a measured permeability of 38.70 1°m?. Increasing creased to 3.8810 °m?. An increase in porosity of 6.1%
the compression factor from two to three reduced the permeabilitgused an increase in the permeability of 58%. This change in
to 23.0x 10 1°m?, a reduction of 37.3%. Continuing from a com-porosity and its associated change in permeability are contrasted
pression factor of two to four, the permeability is reduced tt9 the difference between the two foams which had a compression
13.9< 10 °m?, a reduction of 62.1%. This 62.1% reduction infactor of only two, namely 95-02 and 92-02. The foam 92-02 had
the compressed foam permeability between a compression facoimeasured porosity of 87.4% and a permeability of 36.7
from two to four is compared with the change in permeability ok 10~ °m?. Increasing the porosity by a mere 0.8% to 88.6%, as
the 95% porous series between the compression factors of two &hdracterized by foam 95-02, caused the permeability to increase
four, which is similar at 55.6%. Increasing the compression factto 44.4% 1079m?, an increase of 21%.
from two to five with the 92% original porosity foam decreased The form coefficient also varied with the compression of the

Table 2 Calculated from flow characteristics

Compressed Foam

Foam K ([10"”m% C[m7] A [bar-s/m’] B [bars*/m’] AA [bar-s/m’] AB [bars*/m’] ox [%] oc [%]
95-02 444 1168 0216 1165 0.0251 0.0406 135 35
95-04 19.7 2707 0.487 2,698 0.0679 0.0946 140 35
95-06 5.25 4728 1828 4714 0.1386 0.1893 76 40
95-08 246 8701 3893 8.675 03269 0.5849 84 6.7
92.02 367 1142 0.261 : 1139 0.0208 0.0412 114 36
92-03 230 1785 0.417 1.780 0.0461 0.0640 111 36
92-04 139 3361 0.689 3351 0.0856 0.1189 12.4 35
92-05 8.07 4073 1189 4.061 0.1110 0.1529 93 38
92-06 3.88 5518 2472 5.502 0.1707 02321 6.9 42
Uncompressed Foam
Foam K[10°m*] CmY A [bars/m’] B [bar's’/m’] AA [bar-s/m’] AB [bars*/m’] ox [%] oc [%]
10 PPI 3529 120 0.003 0.119 0.0004 0.0098 135 82
20 PPI 1089 239 0.009 0.239 0.0012 0.0105 13.4 44
40 PPL 712 362 0.013 0.361 0.0018 00116 134 32
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Table 3 Decrease in permeability [%] 0.70 ; ; - : 0.056

i i 10 PPI-Fit
Compression Factor Foam Series 0.60 |- T 10 PPI—Epreriment
20 PPI-Fit
M 95 92 0.50 |- x 20 PPI~Epreriment
2t03 - 37.3 " 40 PPI-Fit
2t04 556 62.1 © 40 PPI-Experiment
2t06 88.2 89.4 AP/L AP
2t08 94.4 - [bar/m] 0.30 0.024 [bar]
020 B ML 4 0.016
. . . L. 0.10 0.008
metal foam blocks and the differing pre-compression porositie
ultimately being controlled by the porosity of the compresse 0.00 - 0.000
metal foam. The form coefficient of the foams increased mon 0.0 0.1 0.2 0.3 0.4 05

tonically with decreasing porosity, with only one exception. Foat.. v [m/s]

95-02 was the most porous foam tested with a measured porosit ) )

of 88.2% and a form coefficient of 1168 th Foam 92-02, which F'&/' U Press&‘re"ir?g Vers“ﬁ_rfl'“'d flow Ve'?cl'ty for tth.e tthref
uncompressed metal foams. The experimental uncertainty val-

was the second most porous Compresseg foam t€8To09 ha_d ues arg 0.0125 bar/m in the Iengthp-normalized pressurg mea-

a _S“ghtly lower form Coeff'c'_em of 1142 nt. How_e\(er, consid- surement, 0.001 bar in the actual pressure measurement, and

ering the calculated uncertainty of the form coefficients at 3.5%y:004 mys in the fluid flow velocity measurement.

3.6%, these two values of 1168 thand 1142 m* overlap, thus

giving reasonable answers when considering the monotonic in-

crease of the form coefficient with decreasing porosity.

Figure 7 shows the pressure-drop data and associated fitieckease in flow resistance directly relates to the “effective surface
curves against the Darcian flow velocity for the uncompresséshgth” as explained by Lag€5], which relates an increase in
foam blocks. The left-hand ordinate gives the length-normalizeftag to the increase in the specific surface area.
pressure-drop, and the right-hand ordinate is the scale of the mea- . . . )
sured pressure-drop values across the 80 mm-long foam block/fansition From Linear Darcy Regime. ~An important out-

The flowrate varied from 1.00 /min to 11.22 I/mif.036 m/s to cOMe of this study is the ability to determine when the pressure-
0.410 m/s Darcian flow velocilyfor the uncompressed foamdrop across a metal foam leaves the linear Darcy regime and
blocks. Table 2 lists the permeability, form coefficient, and thefnters the form-dominated pressure-drop regime, characterized by
respective uncertainties. The and B coefficients used in the the addition of the quadratic term to the linear Darcy law, &g.
curve fitting are also listed. Making the substitution of Eqs6) and(7) into Eq. (8) and rear-

The three aluminum foam blocks which were tested were §#n9ing it into the following form, gives a graphical means by
nearly the same porosityithin 0.8%. The only difference be- which the linear and nonlinear flow regimes can be separated.
tween the samples was the average pore diameter. Referring to p
Table 1, the porosities of these uncompressed aluminum foam L—=A+ Bu (12)
blocks ranged from 92.0% to 92.8%, and the pore diameter varied v
from an average of 6.9 mm to 2.3 mm. The difference in pore The data from the pressure-drop experiments on the uncom-
diameter appeared to dramatically affect the permeability apdlessed foam were plotted in Fig. 8 according to @&) against
form coefficient of the foams. Decreasing the pore diameter dgre fluid flow speed. Figure 8 is separated into paajs (b), and
creased the permeability and increased the form coefficient. T{g depending on the pore diameter as labeled by the foam manu-
10 PPI foam, which had a pore size of 6.9 mm, generated the lefsiturer as 10 PPI, 20 PPI, and 40 PPI. In Table 1, these labels
flow resistance with a permeability of 35240 '°m? and a form correspond to average pore diameters of 6.9 mm, 3.6 mm, and 2.3
coefficient of 120 m. In contrast, the 40 PPI foam with a poremm, respectively. The discrete data points in Fig. 8 are the experi-
size of 2.3 mm, had the greatest flow resistance with a permealilentally obtained data points, and the lines which are shown
ity of 712x107°m? and a form coefficient of 362 nt. The passing through the points are the second-order curves fitted to the

pressure-drop data points using the curve-fitting technique de-
scribed by Eqs(5)—(10).
As expected from a quadratic relationship when the coefficients

%0 g g ; : A andB of Eq. (12) are constant, the plotted line has a slop&of
: : e and ay-intercept ofA. WhenB is equal to zero, the line is hori-

Pl O S N EO S I ] zontal. This horizontal region describes the pressure-drop region
: 5 : : Ce where the form constang, is zero and the pressure-drop is gov-

erned entirely by Darcy’s law, Eql). These two regimes are seen
, : » ‘ : by the discrete experimental points plotted in Fig. 8. In Fig.-8

X c), the experimental points form a horizontal line in the Darcian
om0 R SRS N S S e ] flow regime where the flow speeds are less than 0.101 m/s, 0.110

: i ‘ 'ﬁ 3 m/s, and 0.074 m/s, respectively. At flow velocities greater than

these transitional flow velocity values, the experimental data
points turn onto the curve-fitted line with a non-zero slopdof
: : : which by Eq.(7), is the product of the fluid density, and the
L ; - form coefficient,C.

30 F e I berererenns fres e u

s 8 8 % The question arises as to which parameter best describes the

e [%] transition of the pressure-drop from a linear to quadratic curve. A
Fig. 6 The permeability of compressed foams is plotted fact_or co_mmonly used to determine_the transition be_twee_n flow
against the values of the measured porosity. The uncertainty regimes is the Reynolds number, which can be described in t_hree
values for the permeabilities are gives in Table 2, and the un- different ways in the area of open-cell metal foams. The first
certainty value of the measured porosity is estimated at a con- method relates the Reynolds number to the square root of the
servative 3%. permeability,K.
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Fig. 8 (a) The quantity (AP/Lv) 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 /s.
The discrete points represent the experimental data, and the
straight line is the corresponding quadratic curve-fit. (b) The
quantity (AP/Lv) for the 20 PPl 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 /s. The discrete
points represent the experimental data, and the straight line is

the corresponding quadratic curve-fit. (c) The quantity
(AP/Lv) 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 /s. The discrete points rep-
resent the experimental data, and the straight line is the corre-
sponding quadratic curve-fit.

K
Re&:pv\/—

“ (13)

Table 4 Transitional Reynolds number in uncompressed alu-
minum foams

Foam Dp [mm] ¥ yunsiion [NVS] ~ Reg (limited)  Reg (full) Re,

10 PPI 6.9 0.101 26.5 62.4 725
20 PPI 36 0.110 22.3 378 . 4i2
40 PPI 2.3 0.074 14.2 20.5 177

method uses a larger flow velocity range which encompasses the
transitional flow velocity by a subjective amount.

The third method bases the Reynolds number on the average
pore diameter. In this method, the permeabili€y,in Eq. (13) is
replaced by the average pore diameter of the respective uncom-
pressed open-cell aluminum foam, as tabulated in Table 1.

:vap
)

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

Even though each method produces transitional Re within its
respective order of magnitude, the best approach from these data
is first method, which uses the permeability calculated at the tran-
sitional flow velocity. This method provides the narrowest transi-
tional Re number range~0O(10)) with an easily calculable
scheme. The only drawback is that one must perform experiments
just beyond the transition point in order to witness the deviation of
the (AP/Lv) plot.

(14)

Permeability and Form Coefficient Flowrate Dependence.
Previous works which investigated the hydraulic characteristics of
highly porous media found that values for the permeability and
form coefficient of the porous medium depend upon the flow ve-
locity range over which they are calculatgt¥]. The permeability
and form coefficient were calculated for each compressed and
uncompressed foam by varying the flow velocity range over
which the terms were calculated to investigate this dependence.
For the compressed foam samples, each calculation used the range
of flow velocities from the common minimum, 0.010 m/s, to vary-
ing maxima at which the data points are plotted. Figures 9 and 10
plot the permeability and form coefficient against the fluid flow
velocity for the compressed foams, beginning at 0.010 m/s and
continuing to 1.042 m/s.

Looking at the permeabilities plotted against the fluid flow ve-
locity for the compressed foam blocks in Fig. 9, it becomes im-
mediately apparent that the range over which the permeability is
calculated affects its value. The relatively flat region of the per-
meability located near the low end of the range marks the linear
pressure-drop flow regime where Darcy’s law holds. The value of
the permeability reaches a maximum at a value of the Darcian
flow velocity of approximately 0.2 m/s. For example, at this flow
velocity, foam 95-02 has a peak permeability of X780 °m?.

However, the value foK may be calculated by two different After this peak, all permeabilities decrease and level off to their
methods. One method uses the pressure-drop data points fronespective values which are tabulated in Table 2 and were ob-
zero flow velocity value up to and including the velocity at whichained using the entire flowrate range testep to 1.042 m/s fluid

the transition to the quadratic regime takes place. The secdifmv velocity). A possible explanation for this peak and the fol-
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Fig. 9 Plot of the permeability, K, for the compressed alumi- Fig. 11 Plot of the permeability, K, for the uncompressed alu-
num foam blocks using a maximum flow velocity which corre- minum foam blocks using a maximum flow velocity which cor-
sponds to the velocity value at which the K value is plotted responds to the velocity value at which the K value is plotted

lowing decrease in value may be offered by the least-squai®@g10 m/s. The permeability, which is plotted at the lowest flow
method of calculating the permeability-based Reynolds numbeslocity (0.037 m/$, is based only on that single data point. The
Rec. Forcing a curve fit onto data points which are comparabhest of the calculated permeabilities include all data points be-
weighted in both the linear and quadratic regimes caused this peaken the lowest flow velocity of 0.037 m/s and up to and includ-
to arise in the region of the transition points. When more poiniag the flow velocity at which the respective permeability value is
are accumulated in the quadratic region, i.e., as the fluid flowotted. Figure 11 plots the permeability based on an increasing
velocity continues to increase after the transition point, the majaraximum fluid flow speed. The permeabilities of the three un-
ity of the curve-fitting points in the quadratic region then domieompressed foams are nearly constant in the lower fluid flow
nate and the permeability converges to its ultimate value. speed range, up to the flow speed of approximately 0.1 m/s, which
The behavior of the form coefficients of the compressed foamas previously explained as being the range in which the fluid
samples in Fig. 10 mimicked the behavior of the changes in pemters the quadratic pressure-drop regime. The values of the per-
meability in Fig. 9, which showed a trend of rising values untimeability for the 20 PPI and 40 PPI foams peak at a fluid flow
peaking at a fluid flow velocity of approximately 0.2 m/s. Aftervelocity of approximately 0.2 m/s, and then decline and remain
this peak, the form coefficients of all foam blocks converged in somewhat steady for the rest of the flow speed range tested, up to
monotonic fashion to their respective values which were obtain@#410 m/s. This behavior resembles the behavior of the com-
by using the entire flowrate randap to 1.042 m/s These form pressed metal foams, as seen in Fig. 9, and indicates that the
coefficient values obtained from the calculation over the entiuadratic curve fits well to the data. The permeability of the 10
flowrate range are given in Table 2. This behavior in the lowd?PI foam, however, continued to rise after the transitional fluid
flow velocity range may be explained by the same reasoning fi\ow velocity of 0.101 m/s, ultimately peaking just short of the
the initial rise in the permeability, i.e., the flow is passing througmaximum fluid flow speed tested, 0.410 m/s.
the transition point into the quadratic-dominated flow regime. Figure 12 plots the form coefficients for the three uncom-
Forcing a curve fit onto the data points which are comparabjyessed foams. The values of the form coefficient of all three
weighted in both the linear and quadratic regimes caused thdésams start at a value of nearly zero and then increase up to a fluid
peaks to develop around the transition points. flow velocity of approximately 0.2 m/s. Here the form coefficients
The same permeability and form coefficient calculation procesétain a maximum value and remain constant for the rest of the
was used for the data sets of the uncompressed foam blocks. Héiwid flow speed tested, up to 0.410 m/s. As previously explained,
ever, the flowrates spanned from 1.000 I/min. to 11.220 I/mirdecreasing the pore diameter consistently increased the flow resis-
which corresponded to Darcian flow velocities from 0.037 m/s tance, and this change was also reflected in the changing form

30

eB+O I XDEP
©
Y
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]

92-04
92-05
; . 92-06 c
..... R RN RN LR ] [m]
+
20 L L I L L 1 -100 L 1 I I
0.0 0.2 0.4 0.6 0.8 1.0 12 1.4 0 0.1 0.2 0.3 0.4 0.5
v [m/s] v [m/s]
Fig. 10 Plot of the form coefficient, C, for the compressed Fig. 12 Plot of the form coefficient, C, for the uncompressed
aluminum foam blocks using a maximum flow velocity aluminum foam blocks using a maximum flow velocity
which corresponds to the velocity value at which the C value  which corresponds to the velocity value at which the C value
is plotted is plotted

270 / Vol. 124, MARCH 2002 Transactions of the ASME

0z0z Arenuged g1 uo Jesn Aequiog ABojouyos] jo esu| uelpu| Aq jpd L~ €9z/1 L9L06S/€9Z/L/vZ L Apd-aomue/Bunssuibusspinyy/bio-swse:uonos|jooleybipswse//:sdny woly papeojumoq



coefficients. The 10 PPI foam, which had the largest pore diamreasing the compression factor decreased the permeability of the
eter of 6.9 mm and the smallest specific surface area fafam by regular, incremental amounts, which were nearly equal
820 nt/m°, also had consistently the lowest form coefficient, witfior each of the two foam series.

an ultimate value of 120 it. The 40 PPI foam, which had the 3 The permeability of the compressed foams became more sen-
smallest pore diameter of 2.3 mm and the largest specific surfaitive to changes in the porosity as the porosity increased.

area of 2700 fim®, consistently generated the largest form coef- 4 Holding the porosity constant and decreasing the pore diam-
ficient, with an ultimate form coefficient value of 362 ™ This eter increased the flow resistance in the uncompressed metal
behavior was already witnessed in the discussion of Fig. feams by reducing the permeability and increasing the form coef-
whereby increasing the surface area increased the total drag. figent. This increase is attributed to the higher specific surface
steadiness of the form coefficient beyond the fluid flow spedfea generated by the smaller pore size.

range of approximately 0.22 m/s indicates a good quadratic curve5 The transition regime between the linear Darcy regime and
fit to the data and validates the use of the quadratic pressure-dtap well-defined quadratic flow regime for all metal foams tested
relation, Eq.(5), as long as the flowrate range used in the calc@ccurred in a Re range between unity and 26.5 based on the

lation extends beyond the transition point. calculation of the permeability and form coefficient in this range.
6 The narrowest range of transitional Re&as obtained when
Uncertainty Analysis the permeability was calculated using a flowrate range from zero

- . to the flow velocity at which the transition occurred.

_The uncertainties generated by the least-squares curve fit arg yging different flow velocity regimes resulted in various per-
given by the general formula for error propagati@s] applied to meability and form coefficient values. Whenever the permeability
the least-squares curve fit equations, E@.and (10), which 54 the associated form coefficient for a high-porosity porous me-
yields the following equations for the uncertainty of theandB  giym are stated, the flow velocity range over which these terms
coefficients of Eq(8). are calculated must also be specified for accuracy.

n 2 2
AA= \/Z (ﬁAx-) + (ﬁAy-) (15)
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n

9B 2
_AXi +
IX; =1

ing relationship. A = coefficient for curve fittind bar-s-m2]
AA B = coefficient for curve fittind bar-s-m~3]
o =——X100% (17) c = inertia coefficien{m™]
A D = diametem]
The uncertainty of the form coefficient is given by backsolving K = permeability{ m’]
Eq. (7) and applying the same error propagation technique as in L = length[m]
Egs.(15) and(16). Assuming zero uncertainty in the density term M = compression factor
gives the uncertainty of the form coefficient as g = prtlessurtE[.bc’:;T] e
= volumetric flowratef m®s~
_AB Rex = permeability based Reynolds numbjen KY2u ~1]
oc=— % 100% (18)
B R, = pore based 7Rleynolds numkgr D pu 1]
The uncertainties of the permeabilities and the form coefficients U = Velocity [ms ]
are tabulated in Table 2. Greek

= difference

i A
Conclusions . ;
) e = void fraction[rangel.8=¢>0.0]
Open-cell metal foams were experimentally tested to evaluate , = dynamic viscosity kg-m~1s™1]
p
(o

their hydraulic characteristics using water. The experimental ma- = density[kg-m ™3]

trix of metal foams consisted of open-cell aluminum foams of = uncertainty[%]

various porosities and pore diameters in both compressed and un-

compressed form. The characterization procedure involved soRHPSCTiPts

ing for two terms, the permeability and the form coefficient. These D Darcy

two factors accurately described the pressure-drop vs. flow veloc- K = permeability based

ity behavior in porous media in general and were shown to be cs = cross-section

applicable to high porosity metal foams. From these experiments | = single, independent data point reference notation
and the reduction of the data, several conclusions can be drawn. p = pore diameter based
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