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Abstract

An experimental study was performed to investigate the characteristics of oscillating flow through a channel filled with open-cell
metal foam with a fully inter-connected pore structure. Detailed experimental data of oscillating flow pressure drops and velocities
for a wide range of oscillatory frequency and the maximum flow displacement were presented. A correlation equation for the max-
imum friction factor of metal foams subject to oscillating flow was obtained and compared with the results for channels inserted with
wire-screens obtained by other investigators. The results showed that oscillating flow characteristics in an open-cell metal foam are
governed by a hydraulic ligament diameter based kinetic Reynolds number Re,,p;) and the dimensionless flow displacement ampli-
tude Ap,. The effects of kinetic Reynolds number on the variations of pressure drop and flow velocity in metal foam are more sig-
nificant than that of the dimensionless flow displacement amplitude. The maximum friction factor of oscillating flow in open-cell

metal foams is much smaller than that of oscillating flow in wire-screens for large flow displacement amplitudes.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The porous medium with high thermal conductivity
has emerged as an effective method of heat transfer
enhancement due to its large surface area to volume
ratio and intense mixing of fluid flow. Heat transfer of
a porous medium subject to oscillating flow has been
investigated widely for a channel filled with spherical
particles, granular beds or wire-screens (Sozen and
Vafai, 1990; Khodadadi, 1991; Kim et al., 1994; Guo
et al., 1997). Some research efforts have been made to
obtain fundamental understanding of oscillating flow
characteristics in a channel filled with particles or wire-
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screens. Tanaka et al. (1990) studied the oscillating flow
characteristics of a Stirling engine regenerator made of
wire-screens or sponge metals. They found that the pre-
diction of pressure drop loss was possible by use of the
hydraulic diameter as the representative length defined
by the friction factor and Reynolds number. Zhao and
Cheng (1996) experimentally investigated oscillatory
pressure drop characteristics in a packed column com-
posed of three different sizes of woven screen and sub-
jected to a periodically reversing flow of air. They
showed that the oscillatory pressure drop factor in-
creases with the kinetic Reynolds number and the fluid
displacement and a correlation equation for the friction
factor was obtained. Ju et al. (1998) studied the oscillat-
ing pressure drops and phase shift characteristics
for regenerators filled with wire-screens under high
frequency oscillation. They obtained values for the
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Nomenclature

App dimensionless flow displacement amplitude

Dy, hydraulic ligament diameter of aluminium
foam

D, ligament diameter of aluminium foam

F inertia coefficient of porous media

f friction factor of steady flow in metal foam

fmax maximum friction factor of oscillating flow in
metal foam

H height of the channel

K permeability of the porous medium

L length of the tested foam

n number of cycles

AP pressure drop across the test section

AP.x maximum pressure drop across the test sec-
tion

Re, Reynolds number based on wire diameter
and peak velocity

Rey Reynolds number based on the metal foam
height

Repny kinetic Reynolds number defined in Eq. (5)
Remaxpry maximum Reynolds number defined in Eq.

(8)

U cross-sectional mean velocity

Umax ~ maximum velocity of fluid in metal foam
channel

w channel width

Xmax  amplitude of flow displacement

Greeks

I dynamic viscosity of fluid

W angular frequency

Ve kinematic viscosity of fluid

p density of fluid

0 uncertainty

0 phase lag

€ porosity of the metal foam

o Stokes number

Y shape parameter of porous medium

cycle-averaged pressure drop in the oscillating flow
across the regenerator which are two to three times high-
er than that of a steady flow at the same Reynolds num-
bers based on the cross-sectional mean velocity.
Wakeland and Keolian (2003) reported the pressure
losses across single screens subjected to low-frequency
oscillating flow for 0.002 < Re; < 400, where Re, is the
Reynolds number based on wire diameter and peak ap-
proach velocity. The friction factor was found to depend
on Reynolds number, but not on the oscillatory ampli-
tude, over the range of conditions measured.

When compared to a porous channel inserted with
particles or wire-screens, the sintered metal foam is a
new type of porous media with open-cell structure,
which is manufactured from a variety of molten metal
processes. The metal foam with fully inter-connected
structure and high permeability opens itself to many
applications such as mechanical energy absorbers,
electronics cooling, Stirling engine regenerators, flow
straighteners, filters, catalytic reactors and heat exchang-
ers. Depending on the particular open-cell metal foam
configuration, the specific surface area varies between
500 to more than 10,000 m?*/m?> for different types, and
the solid component can be manufactured by aluminium
or copper with high thermal conductivity. The overall
heat transfer rate of fluid flowing through metal foam
can be increased dramatically by the presence of extre-
mely large fluid-to-solid contact surface area and tortu-
ous coolant flow path inside the metal foam. Therefore,
oscillating flow in open-cell metal foam channels is
employed for heat transfer enhancement applications

in electronics cooling and in heat exchangers (Calmidi
and Mahajan, 1999; Kim et al., 2000; Bhattacharya
and Mahajan, 2002). Fu et al. (2001) experimentally
investigated the heat transfer of a channel filled with me-
tal foam subjected to oscillating flow. Their results
showed that the length-averaged Nusselt number for
oscillating flow is higher than that for steady flow, and
that the temperature distribution for oscillating flow is
more uniform than that for steady flow. They concluded
that the metal foam heat sink in oscillating flow can be
considered as an effective method for electronics cooling.
Boomsma et al. (2003a,b) studied the heat transfer per-
formance of aluminium foams used as compact heat
exchangers. They reported that metal foam heat exchang-
ers decreased the thermal resistance by nearly half when
compared to currently used heat exchangers designed
for the same application. Zhao et al. (2004) presented re-
sults from experimental measurements on the effective
thermal conductivity of FeCrAlY foams. The contribu-
tion of natural convection to heat conduction was found
to be significant, with the effective thermal conductivity
at ambient pressure twice the value obtained under vac-
uum conditions. Their results also showed that natural
convection in metal foams is strongly dependent upon
porosity. Leong and Jin (2005) experimentally studied
the heat transfer of oscillating flow through a channel
filled with an aluminium foam subjected to a constant
wall heat flux. The cycle-averaged local Nusselt number
was found to increase with both the kinetic Reynolds
number and the dimensionless amplitude of flow
displacement. The length-averaged Nusselt number is
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effectively increased by increasing the kinetic Reynolds
number in a suitable range.

The application of open-cell metal foam in heat trans-
fer subject to oscillating flow requires a better under-
standing of pressure drop and friction factor in the
porous channel. However, results of oscillating flow
behaviour in a channel filled with open-cell metal foam
are rather scarce. Several researchers have studied the
characteristics of steady flow in terms of pressure drop
and friction factor in a channel filled with metal foam.
Kim et al. (2001) studied the impact of the presence of
aluminium foam on the flow and convective heat trans-
fer in an asymmetrically heated channel. Their experi-
mental results revealed that the friction factor is much
higher for lower permeability aluminium foams with a
significantly higher Nusselt number. Boomsma and Pou-
likakos (2002) investigated the hydraulic characteristics
of a liquid flowing through a rigid, open-cell metal
foam. They showed that the permeability and form coef-
ficient can be used to accurately describe the pressure
drop versus flow velocity behaviour in a porous med-
ium. Ko and Anand (2003) investigated forced convec-
tion in a rectangular channel inserted with metal foam
baffles. Their results showed that the friction factor de-
creased slightly with an increase in the Reynolds number
and increased with baffle thickness and pore density.
Boomsma et al. (2003a,b) used a new approach for mod-
eling the flow through a porous medium with a well-de-
fined structure. The mesh-independent results from their
numerical simulations on flow through the foam showed
good agreement with their experiments considering the
increased flow resistance generated by wall effects from
the foam container.

The above review shows that flow characteristics in
open-cell metal foams were investigated under steady
flow conditions, while oscillating flow characteristics
were studied based on channels filled with particles or
wire-screens. As mentioned before, the structure of the
open-cell metal foam is completely different from that

of packed beds of spheres or wire-screens, which have
been investigated widely. As shown in Fig. 1(a), the
structure of an open-cell foam is composed of dodecahe-
dron-like cells, which have 12-14 pentagonal or hexago-
nal faces. The edges of these cells are held by aluminium
ligaments. It can be seen that pores inside the medium
are open to one another and fully inter-connected. Three
parameters are used to describe the metal foam, namely,
porosity ¢, pore density PPI (pores per linear inch) and
ligament diameter D;. Due to these structural differ-
ences, the behaviour of oscillating flow through the
open-cell metal foam require a renewed investigation.
Based on authors’ previous works (Fu et al., 2001;
Leong and Jin, 2005) an extensive study was performed
to achieve a fundamental understanding of oscillating
flow in open-cell metal foams. This paper describes an
experimental investigation on the pressure drop behav-
iour of oscillating flow through a channel filled with
open-cell aluminium foam. Three porosity densities of
10, 20 and 40 PPI aluminium as shown in Fig. 1(b) were
employed, and different oscillatory frequencies and flow
displacement amplitudes were chosen in the present
experiments. The pressure drop characteristics in oscil-
lating flow through an aluminium foam channel were
analysed. A correlation equation of friction factor for
metal foam was obtained and compared with the result
for wire-screens obtained by other investigators under
the oscillating flow condition.

2. Experimental setup and procedures
2.1. Experimental setup

Fig. 2 shows the schematic overview of the experi-
mental setup. The facility consists of three major parts:
oscillating flow generator, velocity measurement section
and test section. The oscillating flow generator is a
mechanism that generates a sinusoidal oscillating flow.

Fig. 1. (a) Typical pore structure inside an aluminium foam and (b) aluminium foams with pore densities of 10, 20 and 40 PPI.
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Fig. 2. Schematic diagram of experimental setup.

The mechanism consists of a compression cylinder, a
piston and a crankshaft with adjustable stroke lengths.
These were firmly fixed at the base onto a solid board
by screw bolts to withstand strong vibrations caused
by the oscillating motion of the generator. The support-
ing shafts are two ball bearings elevated to the height of
the piston axis to ensure smooth oscillatory movement.
The crankshaft was driven by a DC electric motor
(LEESON 0.75 kW) with variable speed capabilities to
drive the piston forward and backward sinusoidally.
By adjusting the motor speed through a transducer,
oscillating flows of different frequencies can be gener-
ated. In the present experiments, oscillating frequencies
from 1 to 10 Hz were employed. Different oscillating
amplitudes were obtained by varying the distance of
the crank from the plate center. The locations of 25,
30 and 35 mm from the center of the plate were selected
and oscillating flows with maximum displacements of
50, 60 and 70 mm were provided. The velocity measure-
ment section was made of an aluminium column with a
diameter of 16 mm. A hot-wire sensor (TSI 1210-20w)
was mounted at the center of the two ends packed with
40 mesh woven screen discs. The packed screen provides
a uniform velocity profile. The velocity measured by this
arrangement is approximately the same as the cross-sec-
tion averaged velocity through the column due to the ex-
tremely thin velocity boundary layer of flow through the
porous media. A constant temperature hot wire ane-
mometer (TSI IFA-100) was used to measure the veloc-
ity at the velocity measurement section which was then
converted to that through the test section. It is noted
that the measured velocities will always be positive even
though the velocity direction is reversed on every other
half cycle. This is because of the fact that the single
hot-wire sensor cannot distinguish the flow direction.

To reflect a correct velocity direction, the measured val-
ues of velocity were processed by reversing its sign on
every other half cycle.

The test section is a well-shaped block of Teflon
material with a channel (dimensions of 50 X 10 mm) in
the center. The tested materials include three different
pore sizes of aluminium 10, 20 and 40 PPI foam. All
materials are shaped with the dimensions of 50 X
50 x 10 mm. The two taps of the pressure transducer
(VALIDYNE DP15) are located before and after the
test section for pressure drop measurements. The trans-
ducer was connected to a carrier demodulator (VALI-
DYNE CD15), which converts the input value into
standard digital signals with outputs of 4-20 mA. The
signals of flow velocity and pressure drop across the
test section were collected by a data acquisition system
consisting of a 12-bit 4/D card (KEITHLEY DAS-
1402), control software (CEC TestPoint) and a personal
computer.

2.2. Procedures and uncertainties

By looping the test section to the oscillating flow
regenerator, experiments for oscillating flow in porous
channel can be conducted. The frequencies of oscillating
flow were adjusted by controlling the motor speed. For
prescribed amplitude, the experiments were proceeded
by increasing the oscillating frequency while keeping
the stroke length unchanged. To obtain a cyclic steady
state, the pressure drop and flow velocity through the
porous media were monitored by the data acquisition
system. Fifty cycles of data were obtained under differ-
ent sampling rates by adjusting the acquired A/D rate
for different oscillating frequency. After a set of readings
had been recorded, the stroke length was changed to
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perform another set of experiments. In the present
experiments, the flow velocity through the channel and
the pressure drop across the test section were measured
three times for each type of aluminium foam.

The critical physical properties of the tested metal
foams were obtained before the commencement of the
experiments. The permeability K and the inertia coeffi-
cient F were determined by applying the quadratic curve
fitting method to pressure drop versus fluid velocity data
obtained under steady flow conditions. The following
relation between measured pressure drop and flow
velocity was derived:

AP
T:AU—I—BUZ (1)

where AP is the pressure drop across the media, L is the
length of the media, U and p are mean velocity and den-
sity of the fluid, respectively.

The two coefficients are defined as

He F
A=, B=p Z (2)
Eq. (1) can be used to fit the data. By fitting a second-
order polynomial through these points, coefficients A
and B can be determined.

Fig. 3 presents the pressure drops measured at differ-
ent flow velocities through the aluminium 10, 20 and 40
PPI foams, respectively. By substituting the values of 4
and B from these figures into Eq. (2), the corresponding
values for permeability K and inertia coefficient F can be
obtained. The ligament diameters D; of aluminium
foams were measured using a scanning electron micro-
scope. The porosity ¢ was calculated by dividing its
weight by the volume which was measured by the exter-
nal dimensions, and then comparing this value to the
density of the solid metal. The measured values of ¢
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Fig. 3. Velocity versus pressure drop for aluminium foam 10, 20 and
40 PPI with length L = 50 mm.

Table 1

Physical parameters of aluminium foam

Tested Ligament Porosity ¢ Inertia Permeability

materials  diameter coefficient K (1078 m?)
D (um) F(m™)

A110 PPI 4272 0.91 0.0076 4.21

Al20 PPI 2213 0.90 0.0105 3.12

Al40 PPI  112.6 0.90 0.0155 2.86

and Dy, and calculated parameters of F and K for the
tested metal foams are shown in Table 1.

In general, the uncertainties of the measured data can
be classified into two groups: random uncertainties,
which can be treated statistically; and systematic uncer-
tainties, which cannot be treated in the same way. With
careful calibration and experimentation, systematic
uncertainty was minimised. The accuracies of the pres-
sure transducer readings and the accuracy of the velocity
measured by the hot-wire anemometer are +0.25% of
full-scale and 4-0.01 m/s, respectively. After the cycle-
averaging process, uncertainties of pressure drop and
velocity are 3.0% and 2.0%, respectively. The uncertain-
ties of Dy, Xmax, D), and Ap;, were estimated to be 2.5,
1.0, 1.0, and 3.5, respectively. The uncertainties 6 of
Repny, Remaxcpny and fmax were determined by the
method described by Taylor (1995). Suppose that

v,...,», ...,z are the measured quantities with uncer-
tainties ov, ..., 0y, ...,0z, and the measured values are
used to compute the function ¢(v,...,y,...,z), then

the uncertainty in ¢ is given by
aq 2 aq 2 aq 2
3)

In the present experiments, the uncertainties of the mea-
sured data were assumed to be independent and random
with normal distribution. Using Eq. (3), the uncertain-
ties of Regpn), Remaxpn and fmax were calculated to
be 3.9%, 6.5% and 9.7%, respectively.

3. Results and discussion
3.1. Definitions of dimensionless parameters

Previous works (Tanaka et al., 1990; Zhao and
Cheng, 1996) presented results of friction coefficient
for oscillatory flow in a channel inserted with wire-
screens. Tanaka et al. (1990) investigated the oscillating
flow through wire-screens for a fixed flow amplitude and
pointed out that the friction factor is governed by the
kinetic Reynolds number. Zhao and Cheng (1996) stud-
ied oscillating flow in wire-screens with various flow dis-
placements. A correlation equation for friction factor
in terms of the hydraulic wire diameter based kinetic
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Reynolds number and the dimensionless fluid displace-
ment amplitude was presented. The wires and the liga-
ments are the solid struts inside the woven screen and
metal foam, respectively. The flow restrictions and pres-
sure drops in metal foam will be influenced significantly
by the ligament’s shape and structure. To study the char-
acteristics of oscillating flow in metal foams, and to
compare our results for woven screens, it is necessary
to employ the hydraulic ligament diameter based kinetic
Reynolds and dimensionless amplitude in the present
investigation. The effect of the aluminium foam on the
oscillating flow characteristics is accounted for by defin-
ing the hydraulic ligament diameter of metal foam as

D (4)

l—¢

where D; and ¢ are the ligament diameter and porosity of
the aluminium foam respectively. The similarity param-
eters of the hydraulic ligament diameter based kinetic
Reynolds number and the dimensionless fluid displace-
ment amplitude are defined as

con1
Re(o(Dh) =

Ve

Dy =

(5)

(6)

where Xpnax, @ and v are the maximum flow displace-
ment, oscillatory frequency and kinematic viscosity of
fluid, respectively.

To explore the difference between the oscillating flow
characteristics in metal foams and wire-screens, the
maximum friction factor and Reynolds number defined

149
APmaxl)h
Jos = )
2 pL(umaX)
Umg xD
Remax(Dh) - 1—h (8)
Ve

where AP« and u,,, are the maximum pressure drop
and flow velocity of oscillating flow through porous
channel, respectively. p and L are the flow density and
the length of aluminium foam, respectively. It is noted
that the hydraulic diameter employed by Tanaka et al.
(1990) for wire-screens is equivalent to the hydraulic lig-
ament diameter of aluminium foams in the present
study.

3.2. Pressure drop and velocity

Fig. 4 presents a typical variation of flow velocity
and pressure drop through aluminium 10 PPI along
the cycles of oscillating flow for kinetic Reynolds num-
ber Re,pn =24.0, 31.1 and 40.9 with the maximum
flow displacement Ap, = 16.6. It can be seen that the
profiles of pressure drop and flow velocity increase with
the increase of kinetic Reynolds number and vary al-
most sinusoidally due to the reversing flow direction.
High pressure drop corresponds to high flow velocity
which shows that the phase difference between the
velocity and pressure drop is very small. Khodadadi
(1991) showed that the phase lag 0, between the velocity
component and the pressure gradient can be predicted
by

_, (no?
0, =tan' [ —=- 9)
by Tanaka et al. (1990) are employed as follows: n 72
AI10 PPI
"W y—_— T C:;’ii‘t‘;e drop | 159
=75 Rem(Dh) =409 L75 &
o t - E
o 0 —= 0 S
<75 .75 X
] o
-150 . . . ; -150
0.00 0.05 0.10 0.15
100 100
T 50 - Re,on = 311 (50 2
o L E
oo - 0 S
S o X
50 F-50 X
-100 . . . . . -100
0.00 0.05 0.10 0.15 0.20
60 60
= 30 4 Rem(Dh)— 24.0 lL3p £
e 1= r E
PN e ——— 0 S
< 30 1 - L .30 %
L -}
-60 T T T T T -60
0.00 0.05 0.10 0.15 0.20 025 030
Time (s)

Fig. 4. Typical variations of velocity and pressure drop of oscillating flow through aluminium 10 PPI for 4, = 16.6 and Re,,p;) = 24.0, 31.1 and

40.9.
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/2 is the Stokes number and

where o = (W’w/vp)
y= (wzs/K)l/ 2 is the shape parameter of the porous med-
ium. For the present experiments, the kinematic viscos-
ity ve of the air is taken to be 15.7 x 10~ m?/s, porosity ¢
and permeability K of aluminium 10 PPI are 0.9 and
4.2x 1078 m?, respectively. The phase lag 0, is calcu-
lated to be 3.5° for the case presented in Fig. 4 for angu-
lar frequency w =21.4 (i.e., Re,pn = 24.0) and cycle
number n = 1. This indicates that the phase difference
between velocity and pressure drop is very small for
open-cell aluminium foam and agrees with the trends
observed in the present experiments.

Fig. 5 shows the typical temporal variations of the
pressure drop across the channel filled with aluminium
20 PPI for dimensionless flow amplitude 4p;, =26.1,
30.2 and 34.2 at the kinetic Reynolds number
Reppy = 6.8. It can be seen that the pressure drop in-
creases with the increase of the dimensionless flow dis-
placement amplitude at a fixed value of the Kkinetic
Reynolds number, i.e., dimensionless frequency. It ap-
pears that the temporal variations of pressure drop are
almost in the same cycle for different maximum displace-
ments of flow in metal foam channel. This indicates that
the displacement of flow has a negligible effect on the
moving cycle of oscillating flow in open-cell foam.
Fig. 6 shows the variations of pressure drop in alumin-
ium foams of 10, 20 and 40 PPI at a given maximum
flow displacement x,,x = 70 mm, i.e., the dimensionless
flow oscillation amplitude A4 p;, = 14.6, 30.2 and 59.5 for
aluminium 10, 20 and 40 PPI, respectively. The oscilla-
tory frequency was set to 3.9 Hz, i.e., the kinetic Rey-
nolds number Re,ppn =276, 6.1 and 1.5 for
aluminium 10, 20 and 40 PPI, respectively. It is observed
that the amplitudes of pressure drop gradually increases
with the increase of the foam’s pore density. The effects
of the different kinetic Reynolds number on the varia-
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Fig. 5. Effect of the maximum flow displacement on pressure drop in
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Fig. 6. Effect of different pore densities of aluminium foam on pressure
drop of oscillating flow.

tions of pressure drop across the aluminium 40 PPI
foam are illustrated in Fig. 7 for a complete cycle at
Ap;, = 67.5 for Re,pny = 1.0, 1.7 and 2.4. It can be seen
that the pressure drop for high kinetic Reynolds number
is much higher than that for low kinetic Reynolds num-
ber. From the results presented in Figs. 5-7, it can be
concluded that the pressure drop of oscillating flow in
metal foam depends on its density, maximum flow dis-
placement and oscillatory frequency. By comparing
Figs. 5 and 7, it is noted that the effect of the kinetic
Reynolds number Re,,p;) on pressure drop is more sig-
nificant than that of the dimensionless flow amplitude
Apy. In fact, the pressure drop of oscillating flow in alu-
minium foam channel is relatively independent of the
dimensionless flow amplitude A4y,

Fig. 8 illustrates the maximum pressure drop of oscil-
lating flow through aluminium foams of 10, 20 and 40
PPI for the range of hydraulic ligament diameter based
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Fig. 7. Effect of kinetic Reynolds number on pressure drop of
oscillating flow through aluminium 40 PPI at 4, = 67.5.
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Fig. 8. Maximum pressure drop of oscillating flow versus Reynolds
number based hydraulic ligament diameter of aluminium foam 10, 20
and 40 PPIL.

Reynolds number Repaxpry =46-790 and dimension-
less flow displacement amplitude Ap, = 12.7-67.5. It
can be seen that for aluminium foams of different pore
densities, the maximum pressure drops of oscillating
flow increase with the increase of the hydraulic ligament
diameter based Reynolds number and dimensionless
flow amplitude. The maximum pressure drop increases
substantially with an increase in the pore density for alu-
minium 40 PPI with the highest value of pressure drop
being achieved at Ap,=51.6 and Renaxpn = 244.3.

When compared with the pressure drop of oscillating
flow through woven screens obtained by Zhao and
Cheng (1996) and Ju et al. (1998), it is noted that max-
imum pressure drop in a channel filled with aluminium
foams is much lower than that in a channel packed with
wire-screens. This implies that the required power for
driving oscillating flow through an open-cell metal foam
is lower than that through wire-screens.

3.3. Maximum friction factor

The maximum friction factors of oscillating flow
through porous channel were calculated by Eq. (7)
based on the hydraulic ligament diameter of the alumin-
ium foams. Fig. 9 presents the friction factor of steady
flow through the porous fin with various aluminium
foams (Kim et al., 2000), the experimental data of the
maximum friction factor of oscillating flow in alumin-
ium foam 10, 20 and 40 PPI for dimensionless flow
amplitudes A p, = 12.7-67.5 and the hydraulic ligament
diameter based maximum Reynolds number Repaxpn)
from 46.1 to 790.2. It can be seen that for both steady
and oscillating flows through metal foam porous chan-
nel, the friction factor for high pore density foam is
smaller than that for low pore density foam. For oscil-
lating flow, the maximum friction factor in 10 PPI
aluminium foam decreases with an increase in the
dimensionless flow displacement amplitude. The same
trends are observed for the other two foams tested in
the experiments over different ranges of maximum
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Fig. 9. Maximum friction factors of steady and oscillating flows in aluminium foam 10, 20 and 40 PPI.
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Fig. 10. Maximum friction factors for oscillating flow in open-cell
aluminium foam in terms of the kinetic Reynolds number and the
dimensionless flow displacement amplitude.

Reynolds number Remaxpn. The value of the friction
factor for oscillating flow calculated by Eq. (7) depends
on the three parameters of maximum pressure drop,
velocity and hydraulic ligament diameter of metal
foam. Comparing the data of f and f,.x plotted in
Fig. 10, it is obvious that the maximum friction factor
of oscillating flow is higher than the friction factor of
steady flow obtained by Kim et al. (2000) in metal foams
with different pore densities. This may due to the looped
channel tested on the oscillating flow. The previous
work of Zhao and Cheng (1996) obtained a similar re-
sult which showed that the average friction factor of
oscillating flow is higher than that of steady flow in por-
ous channels.

In order to obtain an empirical equation for the max-
imum friction factor of oscillating flow through the
open-cell metal foam, the kinetic Reynolds numbers
Re,ppy versus the computed data of maximum friction
factor fo.x times the dimensionless flow displacement
amplitude A4p, are plotted in Fig. 10. The data ranges
of hydraulic ligament diameter based kinetic Reynolds
number and dimensionless flow amplitude are 0.46 <
Repny <57.9 and 12.7 < Ap,;, < 67.5, respectively. The
following correlation for the maximum friction factor
for oscillating flow in open-cell aluminium foam is
derived based on our experimental data:

Sinax _ L (86—'7+0.61> (10)
)

Apy Reg;(lgh
Eq. (10) was obtained by using a least-squares method
with an error of +14.8%. The error range of the empir-
ical equation plotted in Fig. 10 shows that the friction
factor of oscillating flow in metal foam is fitted well by
Eq. (10). The correlation equation indicates that oscil-
lating flow behaviour in an open-cell metal foam is gov-
erned by the dimensionless flow displacement amplitude

and the kinetic Reynolds number based on the hydraulic
ligament diameter of open-cell foam.

To compare the oscillating flow characteristics in
open-cell metal foam and wire-screens, the maximum
friction factor versus maximum Reynolds number for
both open-cell metal foams and wire-screens are pre-
sented in Fig. 11. For oscillating flow through a porous
channel, the maximum cross-sectional velocity .y is
related to the maximum flow displacement x,,, by

xmaxw

Umax = 7 (11)

By comparing Eqgs. (5) and (8), the Reynolds number in
Eq. (8) can be expressed in terms of 4, and Re,py as

ApnRe,,
Remax(Dh) = w (12)

In Fig. 11, the solid line is plotted based on Eq. (13)
obtained by Tanaka et al. (1990)
198

Jinax Remmion +1.737 (13)
where Repaxpiy is defined as the maximum Reynolds
number based on the hydraulic diameter of the screens
defined in Tanaka et al.’s paper. The other three curves
are plotted using Eq. (10) for dimensionless flow dis-
placement amplitudes A p;, = 15, 30 and 70, which cover
the range of flow amplitudes performed in the present
experiments. It is obvious that the maximum friction
factor for oscillating flow in open-cell metal foam is
smaller than that for oscillating flow in wire-screens,
especially for low Reynolds numbers and large dimen-
sionless flow displacement amplitudes. The difference
in the maximum friction factor between low and high
Reynolds numbers in a metal foam channel is not as dis-
tinct as that in a channel filled with a wire-screen. It is
noted that the maximum friction factor increases with

—— Eq. (13) Wire-screen, Tanaka et al. (1990)
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..... Eq. (10) Aluminium foam, A, =30
\ —-=--Eq. (10) Aluminium foam, A, =70
10° -\
\
\
\
\
£
10" 4,
A e B
100 .......................................
0 20 40 60 80

Fig. 11. Comparison of maximum friction factors for open-cell
aluminium foams and wire-screens.
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the decrease of the dimensionless flow amplitude 4 p,, for
oscillating flow in metal foam channel, and is closer to
the result for wire-screens when the Reynolds number
is high. The large difference of the maximum friction fac-
tor between oscillating flow in metal foam and wire-
screen is due to the difference in structure. The cells of
aluminium foam are generally 12-14 sided polyhedral
whose pentagonal or hexagonal faces are open to one
another. The fully inter-connected pore structure allows
fluid to flow through the metal foam more readily when
compared to a channel filled with wire-screens.

4. Conclusions

In the present study, the characteristics of oscillating
flow through a channel filled with open-cell metal foam
are investigated. The following conclusions can be drawn:

(1) The pressure drop and velocity profiles of oscillat-
ing flow in open-cell metal foam increase with the in-
crease of kinetic Reynolds number and dimensionless
flow amplitude, and vary almost sinusoidally due to
the reversing flow direction. High pressure drop corre-
sponds to high flow velocity which shows that the phase
difference between the velocity and pressure drop is very
small for oscillating flow in a metal foam with open-cell
structure.

(2) The effect of kinetic Reynolds number Re,,p;) on
the pressure drop is more significant than that for differ-
ent dimensionless flow amplitude Ap,. This indicates
that the pressure drop of oscillating flow in an aluminium
foam channel is relatively independent of dimensionless
flow amplitude A4p,. The maximum pressure drop in a
channel filled with open-cell metal foam is much lower
than that in a channel packed with wire-screen.

(3) Based on the hydraulic ligament diameter Dy, of
aluminium foam, the kinetic Reynolds number Re, pp
and the dimensionless flow displacement amplitude
Ap;, appear as appropriate similarity parameters for
the investigation of oscillating flow characteristics in
open-cell metal foam.

(4) A correlation equation for the maximum friction
factor in terms of dimensionless flow displacement
amplitude 4 p;, and the kinetic Reynolds number Re, pp
is obtained. For large dimensionless flow displacement
Apy, the pressure drop for oscillating flow in open-cell
metal foams is much smaller than that for oscillating
flow in wire-screens. The difference between the friction
factors of oscillating flow for metal foam and wire-
screen decreases with a reduction of oscillatory flow dis-
placement amplitude.
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