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Abstract

In this paper, an experimental investigation was performed to study the heat transfer performance of metal foam heat sinks of dif-
ferent pore densities subjected to oscillating flow under various oscillatory frequencies. The variations of pressure drop and flow velocity
along the kinetic Reynolds number of oscillating flow through aluminum foams were compared. The measured pressure drops, velocities
and surface temperatures of oscillating flow through aluminum 10, 20 and 40 PPI foams were presented in detail. The calculated cycle-
averaged local temperature and Nusselt number for different kinetic Reynolds numbers were analyzed and compared with finned heat
sinks. The results of length-averaged Nusselt number for both oscillating and steady flows indicate that higher heat transfer rates can be
obtained in metal foams subjected to oscillating flow. For the purpose of designing a novel heat sink using metal foam, the characteristics
of the pumping power of the cooling system for aluminum foam with different pore densities were also analyzed.

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

Current integrated circuit and photonic technologies as
well as the ubiquity of electronic system applications are
providing a serious challenge to heat transfer science. Dri-
ven by the increase in spatial density of microelectronic de-
vices, chip powers are increasing rapidly with resulting
increase in the heat flux. The traditional approaches using
plate-finned heat sink are becoming less viable as power
levels increase. An innovative cooling method is needed
to remove significant amounts of heat at high fluxes with
compact and highly reliable devices. The porous medium
with a large solid—fluid contact surface area and high ther-
mal conductivity has emerged as an effective cooling meth-
od. To solve the issue of the thermal management in
electronic components effectively, heat transfer characteris-
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tics in porous media have been investigated extensively in
the past two decades [1-5].

As compared to the porous channel packed with metal
particles, spheres or woven-screens, the open-cell metal
foam fabricated by infiltration casting technique is a novel
porous medium with a metal skeletal structure as shown in
Fig. 1(a). Typically, it is manufactured by solidification of
metal from a super-heated liquidus state in an environment
of high pressure and high vacuum. A close-up view of the
inside structure in Fig. 1(b) shows that the open-cell metal
foam has a reticulated structure of open, shaped cells con-
nected by continuous solid metal ligaments. The cell has
the approximate shape of a tetrakaidecahedron, whose
pentagonal or hexagonal faces are open to one another.
The fully inter-connected pore and ligament structures pro-
vide the extreme large fluid-to-solid contact surface area,
and tortuous coolant flow path inside the metal foam,
which could increase dramatically the overall heat transfer
rate. Lu et al. [6] and Bhattacharya and Mahajan [7] per-
formed analytically and experimental studies, respectively
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Nomenclature

Apeatea  heated area (mz)

C constant

Cpf specific heat of fluid (J kg ' K™

D, hydraulic diameter of the channel, 5H/3

Dy hydraulic diameter of the fin based on fin height
d ligament diameter of porous media (um)

f oscillatory frequency (Hz)

H height of the channel (m)

H; height of fin (m)

h, local heat transfer coefficient defined in Eq. (7)

K permeability of the porous medium (m?)

kq thermal dispersion conductivity defined in Eq.
9)

ke effective thermal conductivity of porous media
(Wm 'K

k¢ thermal conductivity of fluid (W m™' K1)

L length of the test section (m)

Nu, cycle-averaged local Nusselt number defined in
Eq. (6)

Nu,,, length-averaged Nusselt number

Pe, effective local Peclet number defined in Eq. (10)
Pr Prandtl number

AP pressure drop across the test section (Pa)

AP .« maximum pressure drop across the test section
(Pa)

0 power input (W)

Re Reynolds number based on the hydraulic diam-

eter of fin height

Re,, kinetic Reynolds number defined in Eq. (5)

S fin spacing of heat sink (m)

t time of oscillatory cycle (s)

T,  length-averaged surface temperature (°C)

Ty cycle-averaged local surface temperature (°C)
T; cycle-averaged temperature at the inlet of test

section (°C)

U average flow velocity in porous media (m s™')

Umax ~ maximum flow velocity in porous media (m s~ ')

Vs volume of solid fraction of the tested metal foam
(m?)

U total volume of the tested metal foam (m?)

v average maximum volumetric flow rate (m>s™")

w channel width (m)

Wy maximum pumping power defined in Eq. (12)

X location of thermocouples in the test section

Greek symbols

o specific surface area of aluminum foam
(m’m ™)

o effective thermal diffusivity (m?s~")

w angular frequency

Ve kinematic viscosity of fluid (kgm™'s™)

oOf density of fluid (kg m ™)

0 uncertainty

Y thermal dispersion coefficient

& porosity of the metal medium

s dynamic viscosity of fluid (m—2s™)

on forced convection in aluminum foam used as a heat
sink. Their results showed that high heat transfer coeffi-
cients can be achieved by using a metal foam heat sink with
relatively small pressure drop as compared to commercially
available fin heat sink. Kim et al. [8] and Ko and Anand [9]
investigated forced convection in a channel fully and par-
tially inserted with various metal foams and reported high
heat transfer performance. Boomsma et al. [10] experimen-
tally studied the metal foam as a compact heat exchanger
and pointed out that the open-cell aluminum foam gener-
ated thermal resistances that were two to three times lower
than the best commercially available heat exchanger tested,
while requiring the same pumping power.

However, uni-directional flow through the porous chan-
nel yields a relatively high temperature difference along the
flow direction on the substrate surface [11,12]. For modern
high-speed microprocessors, the reliability of transistors
and operating speed are not only influenced by the average
temperature but also by temperature uniformity on the
substrate surface. Therefore, maintaining the uniformity
of on-die temperature distribution below certain limits is
imperative in thermal design. It is conceivable that oscillat-
ing flow through a porous channel will produce a more uni-
form temperature distribution due to the presence of two

thermal entrance regions for oscillating flow. Sozen and Va-
fai [13] numerically analyzed the forced convection flow
through a packed bed under oscillating compressible flow.
The effect of oscillating boundary conditions on the trans-
port phenomena in the packed bed was investigated and
comparisons were made with the case of constant-tempera-
ture and constant-pressure boundary conditions. Guo et al.
[14] investigated oscillating flow and heat transfer charac-
teristics in a circular pipe partially filled with porous media.
The enhanced longitudinal heat conduction due to oscillat-
ing flow and enhanced convective heat transfer from high
conducting porous material were examined. Leong and
Jin [15] studied the heat transfer of a channel filled with a
metal foam subjected to oscillating flow. Their results
showed that heat transfer performance in a channel can
be enhanced substantially and that a more uniform temper-
ature distribution can be obtained by inserting porous
media subjected to oscillating flow. Leong and Jin [16] also
analyzed the transient velocity and pressure drop profiles of
oscillating flow through metal foam channel. They found
that the phase difference between velocity and pressure drop
is small for open-cell aluminum foams of high porosity.
The above review shows that research on metal foams as
heat sinks were conducted mainly for the uni-directional
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Fig. 1. (a) Aluminum open-cell foams and (b) typical pore structure of
open-cell metal foam.

flow condition whilst published literature on metal foams
as heat sinks subjected to oscillating flow is rather scarce.
As a follow up on the authors’ previous works [15,16]
which showed that heat transfer characteristics of oscillat-
ing flow in metal foam are governed by the dimensionless
flow amplitude and kinetic Reynolds number, further
experimental investigations were performed on aluminum
foams as heat sinks with different pore densities subjected
to oscillating flow under various oscillatory frequencies.
The cycle-averaged local temperature and Nusselt number
with different kinetic Reynolds numbers in aluminum 10,
20 and 40 PPI were analyzed. The length-averaged Nusselt
numbers for both oscillating and steady flows were corre-
lated using a grouping parameter proposed by Fu et al.
[17]. For the purpose of designing a novel heat sink using
metal foam subjected to oscillating flow, the relation be-
tween the length-averaged Nusselt number and the pump-
ing power of the cooling system for aluminum foam with
different pore densities were analyzed.

2. Experimental methodology
2.1. Experimental facility

As shown in Fig. 2(a), an experimental facility was
developed to investigate heat transfer of oscillating flow

through a channel filled with aluminum foam with different
pore densities. The entire setup was constructed of Teflon

material and the channel was well insulated. Air was used
as the working fluid. It is noted that the average maximum
flow velocity and pressure drop for different oscillatory fre-
quencies measured in the experiment were relatively low.
The ranges of velocity and pressure drop were approxi-
mately 0-3.5m/s and 0-500 Pa, respectively. Therefore,
the air flow was assumed to be incompressible in the pres-
ent investigation. Oscillating flow was provided by a recip-
rocating piston in a cylinder, which was driven by an
electric motor through a crankshaft. By adjusting the
motor speed through a transducer, oscillating flows of
different frequencies were generated. In the experiments,
oscillating frequencies from 1 to 9 Hz were employed. To
focus the study on the effect of oscillatory frequency on
the heat transfer in metal foam with various pore densities,
the maximum flow displacement was chosen to be 68 mm
which is the maximum value achievable by the present
experimental setup. At the two ends of the test section,
two pairs of the coolers were installed at the upper and bot-
tom sections of the channel. One block of aluminum 10 PPI
foam was inserted between two coolers to enhance the
cooling effect. The heat carried by oscillating flow was
transferred to the surface of coolers through the unheated
aluminum foams. A hot-wire sensor was mounted at the
center of the two ends packed with 40 mesh woven screen
discs. The packed screen provides a uniform velocity profile
so that the measured velocity is the cross-section averaged
velocity through the test section. It is noted that the mea-
sured velocities will always be positive even though the
velocity direction is reversed on every other half cycle as
the single hot-wire sensor cannot distinguish the flow direc-
tion. To reflect a correct velocity direction, the measured
values of velocity were processed by reversing its sign on
every other half cycle.

Fig. 2(b) shows the three-dimensional cross-sectional
view of the test section. The metal foam block of dimen-
sions 50 (L) x 50 (W) x 10 (H) mm was tiled in the channel
of width 50 mm and height 10 mm. The constant power in-
put at the bottom of the channel was controlled by adjust-
ing the supply voltage to the film heater, which could be
monitored through the display from a digital voltmeter
and an ammeter. A 1-mm-thick copper plate (k = 384 W/
m K) with narrow slots was inserted between the metal
foam and film heater for the purpose of attaching the ther-
mocouples. Thermal grease was applied on the two sides of
the copper plate as a filling material to distribute the heat
evenly and to reduce the thermal contact resistance. The
metal foam was clamped tightly onto the surface of copper
plate by screws which secured the upper and bottom chan-
nels. This arrangement will allow the heat flux to be consid-
ered as uniform at the bottom section of the channel. The
copper plate was cleaned and eight thermocouples were
fixed into eight narrow slots as shown in Fig. 2(b). The
locations of these thermocouples X/D. are 0, 0.4284,
0.8568, 1.2858, 1.7142, 2.1456, 2.5716 and 3. In the exper-
iments, it was difficult to measure the bulk air temperature
inside the metal foam along the test section due to the
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Fig. 2. (a) Sketch of experimental setup and (b) 3-D structure of test section.

compactness of the porous medium. Therefore, the inlet
temperature which takes into consideration of the thermal
potential for heat transfer from the heated surface to air
flow was used to calculate the local Nusselt number. Two
thermocouples were placed at the two ends of the test sec-
tion to measure inlet bulk temperature. Type K thermocou-
ples with wire diameter of 45 pm were used. The response
sensitivity of these thermocouples is 40 uV/ °C which
satisfied the requirements of the experiments. The two taps
for the pressure sensors are located before and after the test
section for pressure drop measurements. The oscillating
flow facility is also capable of performing steady flow
experiments. By leaving one end of the test section open
to the atmosphere, experiments of steady flow through
metal foam channel can be conducted through an auto-
balance compressor with the same test section configura-
tion and sensors.

Before the commencement of the experiments, all ther-
mocouples, pressure sensors and hot-wire were carefully
calibrated. By looping the test section to the oscillating pis-
ton within the cylinder, heat transfer experiments of oscil-
lating flow can be conducted. Cooling water at room
temperature was forced through the four coolers to remove
the dissipated heat. The flow velocity through the test sec-
tion, pressure drop across the test section and temperature

distribution along the axial direction on the substrate sur-
face were measured in the present experiments. All the sig-
nals were collected by a data acquisition system consisting
of a voltage amplifier, pressure transducer, constant-
temperature anemometer and a 12-bit data acquisition card
within a personal computer. To obtain a cyclic steady state,
the temperatures on the substrate surface were monitored
by the data acquisition system. Fifty cycles of data were
obtained under different sampling rates by adjusting the
acquired A/D rate for different oscillating frequency. When
a set of reading had been recorded, the test apparatus had
to be cooled to ambient temperature of about 25 °C before
the next set of experiments can be started.

2.2. Data reduction

As described previously, the current experimental facili-
ties were designed to study oscillating flow in a metal foam
channel, which possesses the reversed flow direction in every
half cycle. The test section was heated uniformly at the bot-
tom of the channel by a film heater, and two identical cool-
ers are located at the two ends of the test sections. In the first
half cycle, the fluid passes through the test section and car-
ries the heat generated by the film heater into the unheated
section where the coolers are located. The fluid temperature
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drops quickly because the cooling water is forced through
the coolers to remove the heat carried by oscillating flow.
In the next half cycle as the fluid reverses direction, the
colder fluid enters the channel to cool the test section again.
Therefore, the temperatures at the various locations on the
substrate surface of the channel are transient measure-
ments. To minimize the data reduction uncertainty, the
cycle-averaged method was employed to reduce the present
experimental data over 50 complete cycles.

The uncertainties of the measured data can be classified
into two groups: random uncertainties, which can be trea-
ted statistically; and systematic uncertainties, which cannot
be treated in the same way. With careful experimentation,
systematic uncertainty can be minimized. The accuracies of
the thermocouple temperature and pressure transducer
readings are within 0.1 °C and £0.25% of full-scale,
respectively. The accuracy of the velocity measured by
the hot-wire anemometer is +0.01 m/s. After the cycle-
averaging process, uncertainties of temperature, velocity
and pressure are 3.0%, 2.0% and 2.0%, respectively. The
uncertainties of D., dy, f, H, and Q are estimated to be
1.0, 2.0, 2.5, 1.0 and 3.0, respectively. The uncertainties
of Re,, Nu, and W, were determined by the method de-
scribed by Taylor [18]. If v,...,y,...,z are measured quan-
tities with uncertainties 6v,...,9y,...,0z, and the measured
values are used to compute the function ¢(v,...,y,...,z),
then the uncertainty in ¢ is

5q = 1| (sw 2+~~-+ %4 2+--~+ %5 (1)
7=\ \av oy~ oz

In the present experiments, the uncertainties of the mea-
sured data were assumed to be independent and random
with normal distribution. Using Eq. (1), the uncertainties
of Re,, Nu, and W, are calculated to be 3.9%, 5.7% and
2.8%, respectively.

3. Results and discussion
3.1. Physical properties of aluminum foams

As mentioned in a previous section, the tested aluminum
foam was fabricated by the infiltration casting technique in
which a solid mold of pore shapes is made before molten
metal is poured into the mold. Therefore, the ligament fig-
ure can be controlled carefully and the diameters of liga-
ments inside the metal foam can be considered to be of
equal size. In the present study, the ligament diameter of
the tested aluminum foam was measured by a scanning
electron microscope. The average diameter of ten ligaments
measured randomly was used as the ligament diameter in
the calculation. For the present metal foam, the effective
porosity is equal to the porosity due to the metal foam with
fully connected pore structure, i.e. no dead end and iso-
lated pores. The porosity ¢, calculated by dividing the
weight of the foam by its volume (determined from the
external dimensions) is given by

Ut — Us
- (2)
where v; is the total volume and v is the volume of solid
fraction of porous material.

The inertial coefficient describes the effects of the local
aspects of the pore space morphology on the flow momen-
tum transport in the porous media. The permeability is the
measure of the flow conductance of the porous matrix,
which relates the averaged flow velocity through the pores
with pressure drop in porous media. The critical properties
of permeability K and inertia coefficient F of the tested me-
tal foams were obtained by applying the quadratic curve
fitting method to pressure drop versus fluid velocity data
obtained under steady flow conditions. The following rela-
tion between measured pressure drop and flow velocity is
derived:

AP
T:AU+BU2 (3)

where AP is the pressure drop across the media, L is the
length of the media, and U is average flow velocity in the
metal foam channel. The two coeflicients of 4 and B are
defined as

He F
where yrand pyare the dynamic viscosity and density of the
fluid, respectively. Fig. 3 presents the data of pressure drop
per unit length versus velocity for steady flow through the
aluminum 10, 20 and 40 PPI foams. By fitting the second-
order polynomial of Eq. (3) through the data points, coef-
ficients 4 and B can be determined. By substituting the
values of 4 and B into Eq. (4), the corresponding values
for permeability K and inertia coefficient F can be deter-
mined. The critical parameters of the tested aluminum
foams are listed in Table 1. The effective thermal conduc-
tivities of aluminum foams were obtained by the model
presented by Boomsma and Poulikakos [19], which is a
geometrical effective thermal conductivity model based on

400
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o AI 20 PPI
& Al 40 PPI
300
E
°
& 200
<
o
<
100
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0 2 4 6 8 10

U (m/s)

Fig. 3. Pressure drop versus velocity of steady flow in aluminum 10, 20
and 40 PPIL.
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Table 1

Physical properties of aluminum foams

Physical properties Al 10 PPT Al 20 PPI Al 40 PPI

Ligament diameter, ¢ (um) 427.2 221.3 112.6

Porosity, ¢ 0.91 0.90 0.90

Effective thermal 4.1 5.1 59
conductivity, k (W/m K)

Specific surface area, « (m*>m ) 820 1700 2800

Inertia coefficient, F' 0.0076 0.0105 0.0155

Permeability, K (108 m?) 421 3.12 2.86

the idealized three-dimensional cell structure of the tetra-
kaidecahedron.

3.2. Pressure drop

To study the effect of oscillatory frequency on pressure
drop, the kinetic Reynolds number Re,, defined based on
the oscillatory frequency fis employed as

2
Re,, = 27/ (5)
Ve
where D, = SH/3 is the hydraulic diameter of channel, vt is
kinematic viscosity of the fluid and H is the height of the
channel.

The effect of kinetic Reynolds number on pressure drop
across the aluminum 40 PPI foam are shown in Fig. 4 for a
complete cycle at Re,, = 301, 479 and 687. The profiles of
pressure drop under different kinetic Reynolds numbers
are nearly sinusoidal in shape due to the reciprocating mo-
tion of the driving piston. It can be seen that the pressure
drop for high kinetic Reynolds number (high frequency)
is much higher than that for low kinetic Reynolds number
(low frequency). Fig. 5 shows the variations of pressure
drop in aluminum foams of 10, 20 and 40 PPI. The oscilla-
tory frequency was set to 4 Hz, i.e., the kinetic Reynolds
number Re,, =425~ 436 for aluminum 10, 20 and 40
PPI. It is observed that the profiles of pressure drop grad-
ually increase with the increase of the foam’s pore density.
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Fig. 4. Transient pressure drop of oscillating flow in aluminum 40 PPI at
Re,, =301, 479 and 687.
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Fig. 5. Variation of pressure drop of oscillating flow in aluminum foam
10, 20 and 40 PPI at Re,, = 425-436.

The variations of pressure drop of oscillating flow in alumi-
num foam for different pore densities are almost in the
same cycle.

Fig. 6 shows the variations of the measured maximum
pressure drop and velocity with kinetic Reynolds number
for oscillating flow through aluminum 10, 20 and 40 PPI
foams. The data show that the maximum pressure drops
and velocities increase with increasing kinetic Reynolds
number i.e. dimensionless oscillatory frequency. It can be
seen that the maximum pressure drop for aluminum foam
with high pore density is much higher than that for alumi-
num foam with low pore density. However, the data for the
maximum flow velocity plotted on Fig. 5 show that the in-
crease of velocity with the kinetic Reynolds number is not
as significant as that of pressure drop. This implies that the
appropriate velocity for cooling electronic components can
be obtained at a relative low pressure drop by using oscil-
lating flow through an aluminum foam heat sink. For a
closer view, the large difference of the maximum pressure
drop between oscillating flow through aluminum 10 and
40 PPI foam can be observed at approximately the same
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Fig. 6. Maximum pressure drop and velocity of oscillating flow through
aluminum foam 10, 20 and 40 PPI with different kinetic Reynolds
numbers.
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flow velocity. This implies that the driving power for oscil-
lating flow in high pore density foam has to be higher than
that in low pore density foam to achieve the same flow
velocity.

3.3. Heat transfer performance

To study the heat transfer performance of oscillating
flow in aluminum foam with different pore densities under
various kinetic Reynolds numbers, the cycle-averaged local
temperature and Nusselt number are introduced in the
present study. The cycle-averaged local surface tempera-
ture is defined as the average of the local wall temperatures
measured for a specified number of reciprocating cycles.
The cycle-averaged local Nusselt number is defined based
on the cycle-averaged surface temperature as follows:

h.D,
— x=e 6
e ©)

where ki is the thermal conductivity of the fluid. D, and 4,
are the hydraulic diameter of the channel and the local heat
transfer coeflicient, respectively. /. is calculated by

-9
Aheated(Tw - T1)

where T,, and T; are the cycle-averaged local surface and
the bulk air inlet temperatures, respectively. Q and Ayeateq
are the power input and the heated area on the bottom of
the channel, respectively.

Fig. 7 presents the cycle-averaged local surface temper-
ature of oscillating flow through metal foam 10, 20 and
40 PPI with different kinetic Reynolds numbers at the
power input of 20 W. It can be observed from the graphs,
that the cycle-averaged temperature distribution decreases
with an increase in Reynolds number. To express the trends
clearly, the quadratic polynomial was employed to fit the
experimental data. The distribution fitting curves of the
local surface temperatures are convex and approximately
symmetric about the center of the test section where the
temperature is at the maximum due to the presence of
two thermal entrances of oscillating flow in the test section.
The measured maximum temperatures are located at posi-
tions X/D, = 1.2858 and 1.7142 around the center of the
test section. The local surface temperatures near both en-
trances (X/D. = 0 and 3) are lower than that at the center
of the test section. For instance, Fig. 7(c) shows that the
local surface temperatures at X/D.= 1.2858 and 1.7142
are 58.4 and 58.8 °C for a power input Q =20 W and
Re,, = 858, respectively. The surface temperatures of the
two entrances positions X/D.=0 and 3 are 53.3 and
53.8 °C, respectively. It is also observed that the inlet and
outlet bulk temperatures (isolated points plotted on
Fig. 7) are much lower than the temperatures in the test
section due to heat removal at the coolers located at the
two ends of the test section.

Fig. 8 displays the cycle-averaged local Nusselt numbers
versus the dimensionless axial distance for the cases pre-
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Fig. 7. Cycle-averaged temperature distributions on the substrate surface
of the test section for (a) Al 10 PPI, (b) Al 20 PPI and (c) Al 40 PPI at
different kinetic Reynolds numbers.

sented in Fig. 7. The data of the local Nusselt number
shown in Fig. 8 were calculated by Eq. (6) based on the
cycle-averaged local surface temperature. The choice of
the inlet bulk temperature to calculate the local Nusselt
number takes into consideration the thermal potential for
heat transfer from the heated surface to the cold fluid
(air flow). It can be seen that the cycle-averaged local Nus-
selt number in the thermal entrance region is higher than
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that in the location around the center of the test section. As
shown in Fig. 7(c) for the power input Q =20 W and
Re,, =858, the cycle-averaged local Nusselt number
reaches higher values of 315 and 320 at the two thermal en-
trances. The lower values of the averaged Nusselt number
of 271 and 274 are obtained at the dimensionless lengths
X/D. = 1.2858 and 1.7142 around the center of the test sec-

tion, respectively. As a consequence, the distribution curves
of the cycle-averaged local Nusselt number for oscillating
flow are concave. A similar trend was reported by Zhao
and Cheng [20] in their numerical study of heat transfer
in an empty tube subjected to oscillating flow.

In order to evaluate the total heat transfer rate of
oscillating flow through the porous heat sink, the length-
averaged Nusselt number was used to calculate the aver-
aged Nusselt number for the whole length of the test
section. Fig. 9(a) shows the averaged surface temperature
along the test section for the tested aluminum foams. The
averaged surface temperatures decrease with the increase
of kinetic Reynolds number of oscillating flow and pore
density of aluminum foam. Fig. 9(b) presents the length-
averaged Nusselt number versus kinetic Reynolds number
for oscillating flow through aluminum 10, 20 and 40 PPI
at a power input of 20 W. It is clear that the length-aver-
aged Nusselt number Nu,,, increases with the kinetic Rey-
nolds number Re,, i.e. the dimensionless frequency. For the
same kinetic Reynolds number, the averaged Nusselt num-
ber for high pore density metal foam is higher than that for
low pore density metal foam. A close-up view shows that
the upward trend of the length-averaged Nusselt number
is reduced with increasing kinetic Reynolds number. This
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Fig. 9. (a) Length-averaged temperature and (b) length-averaged Nusselt
number of oscillating flow through aluminum foam channel.
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suggests that oscillating flow at relatively low frequency has
a significant effect on heat transfer enhancement in a metal
foam heat sink since the temperature fluctuation on the
substrate surface cannot follow the oscillatory velocity at
a very high frequency.

By plotting the grouping parameter (k. /k;)(D./L)"* Pe!/?
as a function of the length-averaged Nusselt number [17],
the heat transfer performance for steady and oscillating
flows in metal foams can be compared. The data for the
steady flow through metal foam heat sinks were obtained
using the same experimental setup i.e. by connecting one
end of the test section to a steady flow source (auto-balance
compressor) instead of the oscillating flow generator and
leaving the other end to the atmosphere. The length-
averaged Nusselt number can be expressed as

Nitgrg = c(’;—f) (’%) e (8)

where C is a constant, k. is the effective thermal conduc-
tivity, k¢ is the fluid thermal conductivity and Pe. is
the effective Peclet number. The effective thermal conduc-
tivity and effective Peclet number can be calculated as
follows:

ke = ke +ka+ (1 — @)ks,  ka = prepryVKU 9)
UD. ke

Pe, = —, = (10)
o* PrCpf

where kg is the thermal dispersion conductivity, y is the dis-
persion coefficient taken to be 0.025 [21] in the present
study and o is the effective thermal diffusivity of the por-
ous media. It should be noted that the present investigation
was carried under the assumption of local thermal equilib-
rium due to the difficulty of determining the magnitudes of
the heat fluxes obtained by the solid and fluid phases
separately. Therefore, the stagnant model which includes
the thermal dispersion conductivity is used to calculate the
effective thermal conductivity. As shown in Fig. 10, the
length-averaged Nusselt numbers for steady and oscillating
flows can be collapsed into two straight lines by employing
the grouping parameter. It can be seen that the length-
averaged Nusselt numbers for both oscillating and steady
flows increase with the grouping parameter. The slope of
the line for oscillating flow is larger than that for steady
flow. The constant C obtained by the present study for
steady and oscillating flows are 0.34 and 0.51, respectively.
The larger value of constant C for oscillating flow shows
that better heat transfer performance of oscillating flow
through the metal foam channel can be obtained compared
to steady flow. The presence of two thermal entrance re-
gions at the test section with higher cycle-averaged local
Nusselt number results in a higher length-averaged Nusselt
number for oscillating flow.

The heat transfer performances for metal foam and tra-
ditional finned heat sinks are also compared in Fig. 10. Lau
and Mahajan [22] studied heat transfer of a longitudinal
finned heat sink in a ducted arrangement. Their results
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Fig. 10. Grouping parameter (ke/kf)(De/L)l/zPel/2 as a function of length-
averaged Nusselt number for oscillating and steady flows through
aluminum foam and comparison between metal foam and finned heat
sinks.

showed that the net heat transfer rates for finned heat sinks
can be expressed as

Nityye = C(0.023Re"*Pr0%) (11)

where Pr is the Prandtl number and C is a constant
taken to be 1.42 which took into account enhanced heat
transfer due to developing flow. Re = UDy/v; is the Rey-
nolds number based on the hydraulic diameter of the fin
Dy, = 4SH¢/(S + 2Hy), where H; and S are the height and
the fin spacing of the heat sink, respectively. The average
Nusselt numbers for six-fin heat sink with flow velocities
ranging from 1-5 m/s subjected to steady flow are plotted
as a dash-dot line in Fig. 10. It can be seen that the average
Nusselt number for the finned heat sinks is much lower
than that of the metal foam heat sinks, especially for alumi-
num foam heat sinks under oscillating flow condition. It is
also observed that the increase of average Nusselt number
with flow velocity for finned heat sinks is not as signifi-
cant as that for aluminum foam heat sinks. These results
demonstrate that significant heat transfer enhancement
can be achieved by replacing traditional fin heat sinks with
metal foams. The same result was also reported by Bhat-
tacharya and Mahajan [7] in their experimental study of
forced convection in metal foam heat sinks for electronics
cooling.

It was noted in Fig. 6 that the differences in flow velocity
for oscillating flow in aluminum 10, 20 and 40 PPI are very
small for constant kinetic Reynolds number. However, a
large difference in pressure drop was observed at the same
time. This implies that a higher driven force is required in
oscillating flow through high pore density foam in order to
obtain the same flow velocity as compared to that required
in low pore density foam due to the conservation of energy
principle. In the design of heat sinks for cooling electronic
packages, the heat removal capability of the heat sink must
be assessed together with the driven force required to
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Fig. 11. Pumping power versus length-averaged Nusselt number for
oscillating flow through aluminum foam 10, 20 and 40 PPL.

operate the system i.e. the pumping power. The required
maximum pumping power for oscillating flow through
metal foam heat sink can be calculated by

Wy = APpaV (12)

where W, and J are the average maximum pumping power
and volumetric flow rate, respectively. // was determined
by the average maximum flow velocity through the cross-
sectional area of the tested channel.

The data for the maximum pumping power versus the
length-averaged Nusselt number for oscillating flow
through aluminum 10, 20 and 40 PPI foams are plotted
in Fig. 11. It can be seen that the relationship between
the maximum pumping power and length-averaged Nusselt
number is nonlinear. The pumping power increases with
the length-averaged Nusselt number of oscillating flow
in aluminum foam with various pore densities. The data
on Fig. 11 show clearly that the high length-averaged
Nusselt numbers of Fig. 9 for oscillating flow in aluminum
40 PPI are achieved at the expense of larger pumping
power. The trend of fitting curves shows that the same
length-averaged Nusselt number under small pumping
power can be obtained by oscillating flow through alumi-
num foam with low pore density. It can also be observed
that the increase of length-averaged Nusselt number at
large pumping power is not significant, especially for high
pore density aluminum foam. For example, with an in-
crease in the average Nusselt number from 270 to 290 in
aluminum 40 PPI, the pumping power is increased sharply
from 3.2 to 6.2 W. At the same time, there is only 1.3 times
increase in pumping power when the average Nusselt num-
ber is increased from 250 to 270. Therefore, an increase in
flow rate and hence pumping power is insignificant in
enhancing heat transfer of oscillating flow in a metal foam
heat sink. This indicates that relatively high heat transfer
performance can be obtained in low pore density metal
foam subject to oscillating flow by an appropriate pumping
power.

4. Conclusions

The effect of the kinetic Reynolds number on heat trans-
fer performance of aluminum foams heat sinks of different
pore densities subjected to oscillating flow was investigated.
The cycle-averaged temperatures were found to decrease
with an increase in the kinetic Reynolds number while
the Nusselt numbers exhibit the opposite trend. A compar-
ison of average Nusselt numbers of aluminum foam and
finned heat sinks shows that better heat transfer perfor-
mance can be achieved by using metal foams as heat sinks.
The higher value of the constant C in the correlating equa-
tion relating the grouping parameter (k./k;)(D./L)"*Pe!/?
with the length-averaged Nusselt number for oscillating
flow indicates that better heat transfer can be obtained as
compared to steady flow.

For aluminum foam heat sinks, the heat transfer rate in-
creases with the increase of the pore density at a constant
kinetic Reynolds number i.e. dimensionless oscillatory fre-
quency. However, for a given pumping power, better heat
transfer performance can be achieved by low pore density
metal foam under the condition of oscillating flow. In
designing a novel heat sink, metal foams of low pore den-
sity can be used to enhance heat transfer with small pump-
ing power. High pore density metal foams with their
extremely large fluid—solid-contact surface areas and tortu-
ous coolant flow paths are suitable to remove extraordi-
narily high heat fluxes in applications where pumping
power is not of concern.
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