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Abstract

The demand of high speed and miniaturization of electronic components results in increased power dissipation

requirement for thermal management. In this work, the effects of porosity (e), pore density (PPI) and air velocity on

the heat-transfer characteristics of aluminum-foam heat sinks are investigated experimentally. The phenomenon of

non-local thermal equilibrium (NLTE) is also observed and reported. Results show that the Nu increases as the pore

density increases, due to the fact that aluminum foam with a larger pore density has a larger heat-transfer area. The

Nusselt number also increases with the increase of porosity due to the same reason. It is noted that temperatures of

the solid and gas phases of the aluminum foam decrease as Reynolds number increases, caused by the increased con-

vective heat-transfer rate at higher Reynolds number. The deduced temperature difference between the solid and gas

phases clearly indicates the existence of non-local thermal equilibrium condition within the aluminum-foam heat sink.

The increase of the porosity and the pore density enhances the phenomenon of non-local thermal equilibrium. The tem-

perature difference increases with the decrease of Reynolds number and the distance away from the heat source.

� 2004 Elsevier Ltd. All rights reserved.

Keywords: Porous material; Aluminum foam; Non-local thermal equilibrium; Nusselt number; Convective heat transfer
1. Introduction

The demand of high speed and miniaturization of

electronic components results in increased power dissi-

pation requirements for thermal management. Among

various cooling techniques for electronic chips and/or

modules, forced convective cooling with air features

advantages of convenience and low cost [1]. Limitation

of the forced convective cooling with air, however, lies
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in the relatively low heat removal rates. In the past,

extensive studies have been conducted to improve the

heat removal rate of forced convective cooling with air

by utilizing heat sinks with different shapes, materials,

flow patterns, etc. [2].

Metal-foam heat sinks made of copper or aluminum

have proven to be appropriate for the cooling of high-

power electronic components with excellent cooling per-

formance under forced convective conditions [3–6].

Chao et al. [3] reported the thermal performance of a

thermally enhanced plastic ball grid array (PBGA),

which incorporates a heat slug in package, with a

metal-foam heat sink on the top of the package. The

measured results indicated a significant improvement
ed.
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Nomenclature

D pipe diameter of the air inlet pipe, m

DP equivalent spherical diameter of porous

media, m

dp mean pore diameter, m

fk friction factor of air flowing in aluminum

foam
�h mean convective heat transfer coefficient,

W/m2 �C
k effective thermal conductivity, W/m �C
L length of the test section, m

n number of data points

Nu Nusselt number

PPI pores per inch

Re Reynolds number

q waste heat transfer rate, W

T temperature, K

U average entrance velocity

Greek symbols

l viscosity

e porosity

D difference

Subscripts

air air properties

e estimate

f fluid

in inlet condition

I electric current, A

s solid

V voltage

W wall

1 ambient condition
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in power dissipation when a commercial pin-fin sink was

replaced with an aluminum-foam heat sink under forced

convective cooling condition. Chou and Yang [4] also

showed the superior thermal-cooling performance of

aluminum-foam sinks. At the air speed of 3.6 m/s, the

overall heat transfer coefficient of aluminum foam with

91.4% porosity was reported to be 25% higher than that

for conventional finned array. In Lee et al.�s [5] work, a
dissipating power of 100 W for a 1 cm2 chip with an

aluminum metal-foam heat sink and a low-power muffin

fan was demonstrated. Izadpanah et al. [6] showed the

effect of natural convection is negligible and that forced

convection is the main mechanism of heat transfer over

range of operating condition in their investigation. In

addition to the above-mentioned excellent cooling per-

formance, the aluminum-foam heat sinks also feature

the advantages of a small volume and light weight.

The aluminum-foam heat sinks, nevertheless, have the

disadvantages of a low mechanical strength, complicated

manufacture processes, easy blockage by particles, etc.

In the convective cooling processes of electronic com-

ponents with metal-foam heat sinks, the waste heat gen-

erated from electronic components goes through the

metal foam, and then mostly dissipates convectively to

the air (a small part of waste heat is transferred to the

air by radiation). In engineering such a process, the

heat-transfer characteristic, such as Nusselt number

(Nu), is usually required. In this study, the Nu defined

below is measured experimentally:

Nu ¼ hL=k ð1Þ

and

h ¼ q=½AðT s � T1Þ�; ð2Þ
where h is the convective heat transfer coefficient, L,

characteristic length, k, the effective thermal conductiv-

ity of the metal foam [7], q, the waste-heat transfer rate,

A, the base area of a metal-foam heat sink, Ts, the sur-

face temperature of waste-heat generating block, and

T1, the temperature of the ambient air. In this paper,

the Nusselt number is defined to evaluate the ratio of

the convective heat transfer to the conductive heat trans-

fer (including the conduction through the air and the

aluminum) of the aluminum-foam heat sink. Thus, fol-

lowing the works by Bhattacharya and Mahajan [8]

and Calmidi and Mahajan [9] the effective thermal con-

ductivity, including the contributions from both conduc-

tivities of the air and aluminum, is used in Eq. (1) to

calculate the Nusselt number. The effective thermal con-

ductivity is a property evaluating the ability of the alum-

inum foam to conduct the heat through the gas (air) and

solid (aluminum) phases of the aluminum foam under

no flow condition.

In the theoretical study, the thermal analysis of

metal-foam heat sinks has started to receive attention re-

cently [9–12]. When analyzing the thermal performance

of aluminum-foam heat sinks under forced convective

conditions, it is well known that the assumption of local

thermal equilibrium (LTE) between the air (the gas

phase) and the solid metal matrix (the solid phase) usu-

ally leads to an unacceptable error in simulating heat

transfer processes, due to the large difference in their

thermal conductivities [13–17]. The deviation from the

LTE condition is characterized by the temperature dif-

ference between the gas and the solid phases. Though

the necessity of considering the temperature difference

between the solid metal foam and the air has been dem-

onstrated by various theoretical and numerical studies
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discussed above, the experimental measurement of the

temperature difference of the gas and the solid phases

has yet to be performed to further investigate this phe-

nomena and to provide data for model validation.

In this work, an experimental study is performed to

measure the Nu, and the temperature distributions of

the gas and the solid phases at the circumferential edge

of six types of aluminum-foam heat sinks under forced

convective cooling conditions. The effects of the porosity

and the pore density of aluminum foam as well as the air

velocity on Nu and the temperature distributions are

also investigated in this work. In addition, the existence

of NLTE condition within the aluminum-foam heat sink

is also discussed based on the deduced temperature dif-

ference between the gas and the solid phases of alumi-

num-foam heat sinks.
Fig. 2. Measured inlet velocity profile.
2. Method of approach

Fig. 1 shows the schematic diagram of the experimen-

tal apparatus used in this study for the measurement

of heat-transfer characteristics of aluminum-foam heat

sinks. The flow straightener within the inlet air pipe

(diameter = 60 mm, length = 50 mm) consists of stacked

foam sponges. In order to characterize the velocity

profile of the air entering the aluminum foam, a hot-

wire anemometer is used to measure the velocity

profile. The velocity profiles measured at different Rey-

nolds numbers are shown in Fig. 2. The definition of

ReD is
Fig. 1. Experimental apparatus for the measurements of hea
ReD ¼ qUD=l; ð3Þ

where D is the diameter of the air inlet pipe.

Fig. 2 shows that the velocity profiles of the air enter-

ing the aluminum-foam heat sink are uniform except

near the wall of the pipe. It should be noted that the

measurement of the velocity profile very near the wall

region is not performed due to the difficulty in position-

ing the hot wire at the region. At the inlet of the alum-

inum foam, the temperature and pressure of the air are

measured with a k-type thermocouple and a pressure

transducer (Validyne pressure transducer, 0.5% accu-

racy), respectively, to determine the inlet air condition.
t transfer characteristics of aluminum-foam heat sinks.



Table 1

Properties of aluminum foam used in this study

Sample no. PPI (pore/inch) Porosity Mean pore diameter, dp (m) Equivalent spherical diameter, DP (m) keff (W/mK)

1 10 0.92 1.19·10�3 1.59·10�4 5.89

2 20 0.87 8.27·10�4 1.85·10�4 8.32

3 20 0.91 8.05·10�4 1.21·10�4 6.34

4 20 0.94 8.14·10�4 8.49·10�5 4.95

5 20 0.96 8.00·10�4 5.26·10�5 3.55

6 40 0.94 6.85·10�4 7.14·10�5 4.50

5152 W.H. Hsieh et al. / International Journal of Heat and Mass Transfer 47 (2004) 5149–5157
Six types of aluminum-foam heat sinks as shown in

Table 1 are used in this study. Samples 1, 4 and 6 are

used for studying the pore-density effect, and 2–5, for

porosity effect. The measurement of mean pore diameter

(dp) and equivalent spherical diameter (DP) is achieved

according to the method used in Refs. [18,19].

Each aluminum-foam heat sink is composed of a

piece of aluminum foam and a base plate. The height

and diameter of the aluminum foam are 60 and 65

mm, respectively. The base plate is made of 3-mm-thick

aluminum. During tests, the waste heat is generated by a

waste-heat generating block, which consists of a 20-mm-

thick circular copper plate with a diameter of 65 mm and

an electric heating plate, which is attached to the bottom

of the copper plate as shown in Fig. 1. Three thermocou-

ples for the measurement of Ts are placed in the groves

at the top surface of the copper plate. Two thermocou-

ples are installed at symmetric positions with respect to

the center of the copper plate, and at a radius location

30 mm away from the center. The third one is also in-

stalled at 30 mm away from the center but at an angle

of 90� from the direction formed by the other two thermo-

couples. Due to the highly conductive nature of the

copper plate, the measured Ts from the three thermo-

couples are within 0.15%, and therefore, the values of

Ts reported later in this paper are the average tempera-

ture of the Ts measured from the three thermocouples.

In measuring the solid- and gas-phase temperatures of

the heat sink, six k-type thermocouples are positioned

at equal spacing along a z-direction line 0.1 cm away

from the perimeter of the aluminum foam. These thermo-

couples measure the temperature profile of the air exit-

ing the aluminum foam. Another set of six k-type

thermocouples are silver-glued (also at equal spacing

in the z-direction) at the perimeter of the solid-phase

portion (aluminum portion) of the aluminum foam for

the measurement of solid-phase temperature. During a
Fig. 3. Apparatus for m
test, the air flow is regulated by a valve, and straightened

by the flow straightener installed in the air inlet pipe be-

fore entering the test section. While the valve is open, the

power of heating tape is turned on, and the heat con-

ducts to the porous heat sink through the copper plate.

The readings of the thermocouples used to measure

solid- and gas-phase temperatures are recorded when

the steady-state condition has reached. The power of

heating tape is then turned off, and the flow rate of air

is increased to cool down the porous heat sink until it

reaches the ambient temperature. This procedure is re-

peated for the six samples of porous heat sink at each

flow rate. For examining repeatability of the experi-

ments, the tests are repeated 3 times at each flow rate

for samples 1 and 6. A good agreement is found in these

tests at each air flow rate. The maximum difference in

the measurement of the solid- and gas-phase tempera-

ture between these repeated tests is 4.8% and Nu,

2.4%. Due the demonstrated good repeatability of the

experiments, one test is performed for the other samples

at each flow rate.

In determining the convective heat transfer coefficient

h, Eq. (2) is used with the substitution of measured Ts. In

Eq. (2), q is the heat removed by the heat sink and is

equal to the subtraction of heat loss through the thermal

insulation brick to the ambient at the Ts from the waste

heat generated by the heating tape. The heat loss

through the insulation brick at different Ts is measured

by the following procedures.

Fig. 3 shows the experimental apparatus for the

measurement of heat loss through the insulation brick

at different (Ts � T1), the experimental apparatus is

the same as the one used for Nu measurement described

above, except that the aluminum-foam heat sink is re-

moved from the apparatus. As shown in Fig. 3, the heat-

ing tape is powered by a DC power supply. A FLUKE

Hydra Series II records the top-surface temperature
easuring heat loss.
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of the copper plate Ts and the ambient temperature

T1. The copper plate and the heating tape are placed

within the thermal insulation bricks made of alumina

(Al2O3 + Si2O2 + Fe2O3, bulk density 6 0.9 g/cm3,

porosity 6 0.8, thermal conductivity at 350 �C 6

0.314 W/m �C). The temperatures of the top surface of

the copper plate and the ambient are both measured un-

der natural convection and steady-state condition. The

heat loss through the insulation brick at different

(Ts � T1) is calculated by the equations given below:

qloss ¼ qin � qNatural convection; ð4Þ

qin ¼ IV ; ð5Þ

qNatural convection ¼ �hAðT s � T1Þ; ð6Þ

where qloss is the heat loss through the alumina brick to

the ambient; qNatural convection is the heat transfer through

natural convection from the top surface of the copper

plate to the ambient; �h is the average natural convective

heat transfer coefficient at the top surface of the copper

plate [20]; A is the top surface area of the copper plate;

Ts is the top-surface temperature of the copper plate,

which ranges from 317 to 380 K in this study; T1 is

the temperature of the ambient; qin is the power gener-

ated by the heating tape; I and V are the input DC cur-

rent and voltage, respectively. The correlation between

heat loss and temperature difference of the copper plate

and ambient deduced from the experimental data is

qloss ¼ 1:26� 10�7ðT s � T1Þ3 � 3:9� 10�6ðT s � T1Þ2

þ 7:61� 10�2ðT s � T1Þ þ 0:179: ð7Þ

The standard error of estimate of the correlation is less

than 5.8% [21]. In estimating the heat loss through the

heat insulation brick in the measurement of heat-trans-

fer characteristics of porous aluminum heat sinks, the

measured Ts and T1 during an experiment are substi-

tuted into Eq. (7) to obtain the heat loss through the

insulation brick. The result shows that the heat loss is

a function of the temperature difference between the

top surface of the copper plate and ambient, and the

heat loss is about 9–18% of the input power.
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3. Results and discussion

To analyze the heat-transfer phenomena of alumi-

num-foam heat sinks for electric devices, this work

measures the temperature distributions of air and alum-

inum foam, and the surface temperature of the waste-

heat generating block experimentally. Nusselt number

and dimensionless temperatures are deduced from the

experimental data.

Fig. 4 shows the effect of Reynolds number on Nu for

heat sinks with different porosities. The pore densities
for the four samples are the same. The Reynolds number

based on the equivalent spherical diameter and the

Darcy velocity (which is equal to the average inlet veloc-

ity) is defined as

ReDP
¼ qUDP=l: ð8Þ

It could be seen in Fig. 4 that Nusselt number in-

creases with the increase of Reynolds number. This is

because the convective heat transfer increases with flow

velocity. Fig. 4 also shows that Nusselt number increases

with the increase of porosity. Fig. 5 shows the relation

between Nusselt number and Reynolds number for three

samples with different pore densities. It could be seen in

Fig. 5 that Nusselt number increases with the increase of

Reynolds number and the increase of pore density.



Table 2

Coefficients of the correlations between Nu and ReDP

Sample no. Nu ¼ aRebDP

a b Se

1 0.51 0.38 2.86·10�2

2 0.45 0.38 3.35·10�2

3 0.49 0.44 2.66·10�2

4 0.64 0.42 3.96·10�2

5 0.77 0.46 3.63·10�2

6 0.63 0.46 3.80·10�2
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Based on the experimental results shown in Figs. 4

and 5, a correlation between Nusselt and Reynolds num-

ber for each sample is obtained by a least-square fitting

method. The correlation is expressed in the form of the

following equation:

Nu ¼ aRebDP
: ð9Þ

The coefficients, a and b, of Eq. (9) are tabulated in

Table 2. The standard error of estimate, Se, is defined

as [21]

Se ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i

ðNui � Nupred;iÞ2=ðn� 2Þ
s

; ð10Þ

where n is the number of data point, n � 2 is the degree

of freedom, Nui, the ith data point of measured Nusselt

number, and Nupred,i, the calculated Nusselt number by

Eq. (9). Fig. 6 shows the comparison of measured Nu

and calculated Nu by Eq. (9) with a and b given in Table

2. The result shows hat the fit are in good agreement

with measured Nu. Among the correlations for samples

1, 4, and 6, it is found that both a and b increase as the

pore density is increased. Among the correlation for
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samples 2–5, it is found that the porosity affects a and

b in the same manner.

In order to investigate the local thermal equilibrium

condition of aluminum-foam heat sinks, the tempera-

tures of solid and gas phases at the perimeter of the heat

sinks are measured at different Reynolds numbers. The

results are shown in Fig. 7. The dimensionless tempera-

tures of the solid and gas phases are defined, respec-

tively, as

hs ¼ ðT s � T inÞ=ðqH=kÞ; ð11Þ

hf ¼ ðT f � T inÞ=ðqH=kÞ; ð12Þ

where Tin is the inlet temperature of air.

In Fig. 7, it is found that the dimensionless tempera-

tures are the highest at the bottom, and the lowest at the

top, due to the fact the heat source is located at the bot-

tom. At z/H = 0.2, when Reynolds number increases

from 20.0 to 37.66, the dimensionless solid-phase tem-

perature reduces from 0.37 to 0.22 and the dimensionless

fluid temperature, from 0.19 to 0.08, caused by the en-

hanced heat transfer effect at higher velocity. When

z/H is close to unity, the dimensionless solid- and gas-

phase temperatures are both close to zero. It is also ob-

served in Fig. 7 that the dimensionless solid and fluid

temperatures are different from each other, which im-

plies the existence of non-local thermal equilibrium con-

dition between the solid and the gas phases.

The effect of the Reynolds number on the distribu-

tion of dimensionless temperature difference is presented

in Fig. 8. The definition of the dimensionless tempera-

ture difference is given below:

Dh ¼ hs � hf : ð13Þ
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Fig. 8 shows that the dimensionless temperature dif-

ference reduces when the Reynolds number increases

from 20.0 to 37.66. This is because that the convective

heat-transfer effect increases with the increase of Rey-

nolds number which results in a reduced temperature

difference between the air and the solid. When z/H ap-

proaches zero, the dimensionless temperature difference

approaches a maximum under each test condition

shown in Fig. 8, which indicates a strong non-local ther-

mal equilibrium condition near the heat source located

at the bottom of the heat sink.

Since the heat is conducted to metal-foam heat sink

from the base plate, the heat exchange between the solid

and the gas phases can be investigated by observing the

temperature difference near the base plate. Fig. 9 shows

that the effect of Reynolds number on the dimensionless

temperature difference for all samples around z/H =

0.35. It appears that dimensionless temperature differ-

ence of all the six samples ranges from 0.01 to 0.14,

and decreases with the increase of Reynolds number.

Among samples 1, 4, and 6, the temperature difference

in sample 1 is the largest, and the one in sample 6 is

the least. It implies that the temperature difference be-

tween the solid and air decreases with the increase of

pore density. Among samples 2–5, the temperature dif-

ferences of samples 2 and 3 are close to each other and

larger than samples 4 and 5. The temperature difference

in sample 5 is the least. This indicated that the tempera-

ture difference between the solid and air decreases with

the increase of porosity.

The Reynolds number and the spatial location,

among others, are the two main factors affecting the

local thermal equilibrium condition between the solid

ant the air. Fig. 10 shows the effects of these two factors
on the difference of dimensionless temperatures. It is

observed that the temperature difference decreases with

the increase of Reynolds number and the dimension-

less height. In modeling the heat-transfer processes of

porous materials, according to Kambiz Vafai and

Mehmet Sozen [22], the effect of non-local thermal equi-

librium between the solid and the fluid should be consid-

ered when the temperature difference between the two

phases exceeds 5%, and the assumption of local thermal

equilibrium is no longer valid. According to this 5%
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temperature difference, the boundary between the local

thermal equilibrium regime and non-local thermal equi-

librium regime is plotted in Fig. 10. It is noted that the

local thermal equilibrium regime is located at the high

Reynolds number and large dimensionless height (top/

right) portion of the figure, and non-local thermal equi-

librium regime, the low Reynolds number and small

dimensionless height (low/left) portion of the figure.
4. Summary and conclusions

The summary and conclusions of this study are given

below:

(1) The heat-transfer characteristics of aluminum-foam

heat sinks are investigated experimentally in this

work. A set of correlations between Nusselt number

and Reynolds number for six types of aluminum-

foam heat sinks is obtained experimentally. The

values of a and b in the correlation both increase

with the pore density and the porosity of alumi-

num-foam heat sink.

(2) Both the porosity and pore density affect the cool-

ing performance of aluminum-foam heat sinks.

The Nusselt number increases with the increase of

the porosity and the pore density.

(3) The phenomenon of non-local thermal equilibrium

between the solid- and gas-phases is observed to

exist. The non-local thermal equilibrium condition

diminishes with the increase of Reynolds number

and the distance away form the heat source.

(4) The temperature difference between the solid and

the gas phases decreases with the increase of the

porosity and the pore density of aluminum-foam

heat sinks. The increase of the porosity and the pore

density also enhances the phenomenon of non-local

thermal equilibrium.
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