
Available online at www.sciencedirect.com
www.elsevier.com/locate/ijhmt

International Journal of Heat and Mass Transfer 51 (2008) 1205–1215
Heat transfer behavior in a rotating aluminum foam heat sink
with a circular impinging jet

Tzer-Ming Jeng a, Sheng-Chung Tzeng b,*, Tung-Chun Liu b

a Department of Mechanical Engineering, Air Force Institute of Technology, GangShan 820, Taiwan, ROC
b Department of Mechanical Engineering, Chienkuo Technology University, ChanGhua 500, Taiwan, ROC

Received 8 September 2006; received in revised form 1 March 2007
Available online 2 May 2007
Abstract

This work experimentally studied heat transfer associated with an impinging jet onto a rotating heat sink. Air was used as the imping-
ing coolant, and a square Al-foam heat sink was adopted. The variable parameters were the jet Reynolds number (Re), the relative noz-
zle-to-foam tip distance (C/d), the rotational Reynolds number (Rer) and the relative side length of the square heat sink (L/d). The effects
of Re, C/d, Rer and L/d on the dimensionless temperature distributions and the average Nusselt number were considered. For a station-
ary system, the results reveal that the average Nusselt number (Nu0) with Al-foam was two to three times that without Al-foam. Nu0

increased with Re. A larger L/d responded to a larger Nu0 based on the same jet flow rate. The effect of C/d on Nu0 was negligible herein.
For a rotating system, when Re and L/d were small and C/d was large, the average Nusselt number (NuX) increased considerably with
Rer. Additionally, for NuX/Nu0 P 1.1, the results suggest that rotation was substantial at Rer/Re P 1.13 when L/d = 4.615 with C/d =
0–5 and at Rer/Re P 1.07 when L/d = 3.0 with C/d = 0–5. For L/d = 2.222, rotation was substantial at Rer/Re P 1.44 when C/d = 0 and
was always substantial when C/d P 1.
� 2007 Published by Elsevier Ltd.
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1. Introduction

The impinging of a jet onto a heated and stationary
plate has attracted considerable interest since it can provide
large localized heat transfer for many applications [1–10].
With respect to cooling following jet impingement, heat
transfer is closely related to fluid flow. The characteristics
of jet flow when the jet impinges orthogonally on a station-
ary plane surface have been investigated. Jambunathan
et al. [1] reviewed the heat transfer data for a single circular
jet impingement and summarized four flow zones that com-
monly are present in such systems. These are (1) the initial
mixing zone, (2) the established jet zone, (3) the deflection
zone and (4) the wall jet zone. Impinging cooling technol-
0017-9310/$ - see front matter � 2007 Published by Elsevier Ltd.
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ogy is used not only in the cooling of stationary systems,
but also in rotating equipment, including rotational trays
of chemical vapor deposition (CAD) systems, turbines
and electric motors, rotating heat exchangers and high-
speed gas bearings. Therefore, various investigations have
been performed on the fluid flow and heat transfer charac-
teristics of a rotating disk with an impinging jet [11–14].
The circumferential velocity component induced by rota-
tion promotes convective heat transfer of the heated plate.

The heat sink with an extended surface is mounted on
the heated plate to improve the cooling in an impinging
jet system. As well as increasing the dissipation of the heat
from the surface, the turbulence caused by the separation
and reattachment of jet flow across the fins also facilitates
the heat transfer between the flowing air and the fins.
Related works are described below. Sathe et al. [15] pre-
sented a computational analysis of three-dimensional flow
and heat transfer in the pin-fin heat sink. They reported
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Nomenclature

C nozzle-to-foam tip distance (m)
d* inner diameter of the vertical tube connecting

the nozzle (m)
d inner diameter of the nozzle (m)
D* outer diameter of the nozzle (m)
D diameter of the circular and heated plate (m)
h heat transfer coefficient (W/m2 �C)
H nozzle-to-plate distance (m)
Hf height of the al-foams (m)
k conductivity (W/m �C)
L side length of the square heat sink (m)
Nu average Nusselt number, Nu ¼ hL

kf
¼ qcL
ðT w�T jÞkf

qc convective heat dissipated from the heated sur-
face (W/m2)

qk conductive heat loss (W/m2)
qr radiative heat loss (W/m2)
qt total heat flux (W/m2)
Re jet Reynolds number, Re ¼ qf U jd

l
Rer rotational Reynolds number, Rer ¼ qpXL2

120l

t thickness of the spreader (m)
T temperature (�C)
Uj average fluid velocity at the nozzle exit (m/s)
x coordinate shown in Fig. 3 (m)

Greek symbols

e porosity of Al-foams
l viscosity of fluid (kg/m/s)
q density (kg/m3)
h nondimensional temperature, h ¼ T�T j

T w�T j

X rotational rate of the heat sink (rpm)

Subscripts

0 stationary state
f fluid stream
w heated wall
j jet nozzle
X rotational state
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that the part of the heated base that was directly below the
nozzle was effectively cooled and the temperature slowly
increased from the center to the corner. Sparrow et al.
[16–18] experimentally and theoretically studied the heat
transfer from the in-line cylindrical pin-fins with an oncom-
ing longitudinal flow which turned through 90� to exit the
pin-fin array. They found that pin-fins situated next to the
edges of the array had higher heat transfer coefficients than
those situated inside the array. Additionally, they demon-
strated that partial shrouding of the inlet could yield nearly
uniform per-fin heat transfer coefficients throughout the
array. Furthermore, changing the exit geometry influenced
only the less tightly packed arrays and did so only at the
outermost row of pin-fins. Hansen and Webb [19] experi-
mentally investigated the heat transfer from the finned heat
sink with a normally impinging air jet. The overall heat
transfer in their systems was 1.5–4.5 greater than that in
a bare plate. They also reported that heat transfer typically
decreased as the nozzle diameter or H/d increased.
Ledezma et al. [20] experimentally, numerically and theo-
retically examined the heat transfer from in-line square
pin-fins with an oncoming longitudinal flow. They pro-
posed optimized inter-fin spacing to maximize thermal con-
ductance by varying the fin height, the fin thickness, the
length of the side of the square base plate, the Prandtl num-
ber and the oncoming air velocity. Brignoni and Garimella
[21] experimentally studied the heat transfer from the circu-
lar pin-fin heat sink with confined air jet impingement.
They found that the nozzle-to-fin tip distance only slightly
affected the heat transfer. The Nusselt number of the heat
sink was 2.8–9.7 times that of a bare plate. Kondo et al.
[22,23] proposed a zonal model, based on a series of
semi-empirical formulae, to determine the thermal resis-
tance and the pressure drop of the finned heat sinks with
impingement cooling. They used the plate-fin heat sink
and the circular pin-fin heat sink. Maveety et al. [24–26]
experimentally and numerically investigated the heat trans-
fer from the in-line square pin-fin heat sink with the
impingement of a round air jet. They reported that perfor-
mance was optimized when the relative nozzle-to-fin tip
distance, C/d, was between 8 and 12 at Re = 4 � 104–
5 � 104. Moreover, using the approach of Ledezma et al.
[20], they demonstrated that 7 � 7 pin-fin geometry outper-
formed 13 � 13 pin-fin geometry. Issa and Ortega [27]
experimentally measured the pressure drop and heat trans-
fer of a square jet that impinges onto a square pin-fin heat
sink. Their concluded that the overall thermal resistance
declined as the pin density or diameter increased. The effect
of the pin-fin height on the thermal resistance was weak.
Furthermore, short pin-fins at low Re were most strongly
sensitive to variations in tip clearance. Lin et al. [28] exper-
imentally studied the cooling performance of the plate-fin
heat sinks with confined slot jet impingement. They pro-
posed a complete composite correlation of steady-state
average Nusselt number for mixed convection due to jet
impingement and buoyancy.

Aluminum foams recently introduced as the heat sinks
have large extended dissipation surface and added thermal
dispersion conductivity to strongly promote cooling perfor-
mance. Open cell structure of Aluminum foams is normally
available with high porosities (e > 0.9), resulting in a high
permeability. The characteristic of the high permeability
make Aluminum foam heat sinks very suitable for the jet
impinging cooling scheme. Kim and his colleagues [29–31]
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numerically and experimentally investigated the thermal
performance of aluminum-foam and pin-fin heat sinks in
a jet impingement. Their numerical results indicated that
the anisotropy in permeability and effective thermal con-
ductivity yields a significant change in the heat transfer rate.
Besides, based on experimental data, they depicted that the
multi-jet impingement shows higher heat transfer enhance-
ment than the single jet impingement for high jet Reynolds
number and smaller jet-to jet spacing. Shih et al. [32] exper-
Fig. 1. Photograph of aluminum foam sample and physical model. (a)
e = 0.93/10PPI. (b) Physical model.

Fig. 2. Experimen
imentally explored the height effect on heat transfer of alu-
minum-foam cylinders with a circular jet impingement. The
non-local thermal equilibrium regime was observed to exist
at low Reynolds number and small dimensionless height.

The works herein improve our knowledge of the heat
transferred by the impinging of a jet onto heat sinks. How-
ever, few experimental studies have addressed cooling by a
jet that impinges on rotating heat sinks. This investigation
elucidates the enhancement of heat transfer associated with
jet impingement on a rotating heat sink. Air was used as an
impinging coolant, and an Al-foam heat sink with 0.93
porosity (e) and 10 PPI (pore per inch) was employed.
Fig. 1a presents the aluminum foam sample, which has
an open cell structure of aluminum fibers. Such a porous
metallic material offers two advantages that promote heat
transfer [33,34]: first, the porous material has a much larger
dissipation area than does a conventional finned sink,
increasing heat convection. Second, the irregular structure
of the porous materials, at sufficiently large velocities, is
responsible for the irregular motion of the fluid flow. The
flow separates around the individual beads or fibers, mix-
ing the fluid more effectively. Fig. 1b displays the physical
model, whose variable parameters are the rate of flow, the
diameter of the jet nozzle, the nozzle-to-foam tip distance
and the rotational velocity. In such a system, the cooling
performance of the heat sink is determine two forced con-
vections – one from the jet impingement and the other
associated with rotation. The local temperature distribu-
tion and average Nusselt number of such systems should
be measured, to improve the cooling design of these
systems.
2. Experimental apparatus and test section

The experimental apparatus shown in Fig. 2 was
designed to measure the heat transfer coefficient from the
rotating heat sink to the jet air flow. The apparatus
tal apparatus.
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consisted of four main parts: 1. rotating system; 2. test sec-
tion; 3. data acquirement system, and 4. air supply system.
The rotating system used a 5 HP AC induction motor that
drove the rotating shaft via a belt pulley system. The rate of
rotation was adjusted using an inverter to a maximum of
2000 rpm. Rates of rotation of 0, 600, 1000 and 1400 rpm
were used. The rate of rotation was measured using a
photo-electronic tachometer. The assembly of the rotating
system and the test section was dynamically balanced. The
test section was a rotary Bakelite disk with a diameter of
176 mm and a thickness of 50 mm. At the center of the
Bakelite disk was a square 60 � 60 � 4 mm cavity. A film
heater, which was heated using a dc power supply through
a brush and a power slip ring, was attached to the square
cavity. The input power to the heater was determined as
the product of the voltage and the current, read using a
precision shunt resistor. A 60 mm-length � 60 mm-width �
25.4 mm-height Al-foam block with 0.93 porosity (e) and
10 PPI (pores per inch) was brazed onto 3.5 mm-thick
aluminum spreader (as shown in the close-up view in
Fig. 1a), and then attached to film heater using highly-con-
ductive thermal grease (OMEGABOND 200, k = 1.385 W/
m �C). The Bakelite disk has a very low conductivity and
can reduce heat loss from the back of the film heater. Eight
thermocouples were embedded in the cavity to measure the
temperatures of the heat sink. Two were employed to mea-
sure the ambient temperature and the jet air temperature.
They were connected to a YOKOGAWA 2500E data
recorder through the data slip ring and the passage in the
rotating shaft, which drove the rotation of the Bakelite
disk. Fig. 3 presents the dimensions of the square Al-foam
heat sink and the positions of the embedded TT-T-30SLE
thermocouples. The jet air flow was blown into the air tank
using the air compressor. The air initially flowed through a
filter to remove the oil, the water and the particles, and
then entered a 27 mm-diameter vertical pipe with a
honey-comb section to straighten the fluid flow. It then
Fig. 3. Positions of thermoco
passed through a circular nozzle, and finally impinged on
the rotating heat sink. The circular nozzle had a length of
13 mm, an external diameter of 84.8 mm and three internal
diameters of 13 mm, 20 mm and 27 mm. The jet air flow
rates of 50, 100, 150, 200 and 250 l/min were used in the
tests, as determined using a flow meter. The system was
assumed to be in the steady state when the temperature
varied by less than 0.2 �C in 15 min.

3. Data reduction and uncertainty analysis

The measured fluid velocities, the rates of rotation and
the temperatures yielded the dimensionless wall tempera-
tures (hw), the jet Reynolds numbers (Re), the rotational
Reynolds number (ReX) and the average Nusselt number
(Nu), using

hw ¼
T w � T j

T w � T j

ð1Þ

Re ¼ qf U jd
l

ð2Þ

Rer ¼
qpXL2

120l
ð3Þ

Nu ¼ hL
kf

¼ qcL

ðT w � T jÞkf

ð4Þ

where Tw is the local temperature measured at the bottom
skin of the Al-foam heat sink; T w is the average tempera-
ture at the bottom skin of the Al-foam heat sink; Tj is
the temperature of the air jet; qc represents the convective
heat flux; Uj is the average air velocity at the nozzle exit;
d is the inner diameter of the jet nozzle; X is the rate of
rotation of the Al-foam heat sink, and L is the side length
of the square heat sink, respectively. The total heat flux (qt)
generated by the thermo-foil heater may be transformed
into two heat transfer modes in the present experiment.
These modes are, (1) the conductive heat loss, qk, and (2)
uples on the heated plate.



T.-M. Jeng et al. / International Journal of Heat and Mass Transfer 51 (2008) 1205–1215 1209
the convective heat dissipation, qc, from the heated surface
to the air jet flow, including the convective heat flux di-
rectly and indirectly (through solid (aluminum foam) phase
by conduction) to the gas (air) phase. Therefore,

qc ¼ qt � qk ð5Þ

This energy-balance equation gives the net convective heat
flux (qc) from the heated surface to the jet air. The total
heat flux (qt) is V2/R. Herein, V is the output voltage of
the DC power supply and R is the resistance of the film
heater. The conductive heat loss (qk) to the insulated Bake-
lite is estimated using a two-dimensional conduction mod-
el. The qk values vary from 3% to 29% of the total input
heat flux throughout the experiments. Accordingly, the
convective heat dissipated from the heated surface (qc)
can be determined and the average Nusselt number (Nu)
is finally calculated.

The standard single-sample uncertainty analysis, as pre-
sented by Kline and McClintock [35] and Moffat [36], was
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Fig. 4. Dimensionless temperature distributions for the typical cases. (
performed. Data supplied by the manufacturer of the
instruments stated that the flow velocity was measured with
a 1% error. The uncertainty in the measured temperature
was ±0.2 �C. The experimental uncertainty in the convec-
tive heat flux (qc) was estimated to be 3.4%. The experimen-
tal data herein reveal that the uncertainties in the jet
Reynolds number, the rotational Reynolds number, the
dimensionless wall temperature and the average Nusselt
number were 2.0%, 2.3%, 6.6% and 7.6% at 95% confi-
dence, respectively.
4. Results and discussion

Fig. 4 displays the effects of Re, C/d, Rer and L/d on the
dimensionless temperature distributions along the x-axis.
The results reveal that the dimensionless temperature (hw)
distribution was fairly even, as hw was mostly between
0.95 and 1.05. Close observation reveals that when Rer and
C/d are large, the hw at the stagnation point (x/L = 0)
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0 5000 10000 15000 20000 25000 30000
Re

0

400

800

1200

1600

2000

2400

N
u

Jet Impingement on Stationary Al-Foam Heat Sink

C/d=0
C/d=1
C/d=3
C/d=5

Lytle & Webb, 1994
(H/d=1, D/d=4)

0

d=13 mm, H /d=1.954, L/d=4.615f

Present (H/d=1, L/d=4.615)
Without al-foams

Present correlation
Nu  = 5.551Re0

0.552

Modified data from 
results of Kim et al., 2005
(d=12mm, H =9mm, 
 L=100mm, W=90mm,
 C=5mm)

f

800

1200

1600

2000

2400

N
u

Jet Impingement on Stationary Al-Foam Heat Sink

C/d=0
C/d=1
C/d=3
C/d=5

Lytle & Webb, 1994
(H/d=1, D/d=4)

0

d=20 mm, H /d=1.270, L/d=3.0f

Present (H/d=1, L/d=3.0)
Without al-foams

Present correlation
Nu  = 3.896 Re0

0.601

1210 T.-M. Jeng et al. / International Journal of Heat and Mass Transfer 51 (2008) 1205–1215
immediately below the nozzle exceeded the mean value one,
indicating that the Nusselt number at that point was rela-
tively small. The main reason is that the axial air velocities
reduce with increasing distance from the nozzle exit which
makes less air to go through the aluminum foams and
reach the stagnation point, and the relative circumferential
velocity by rotation of the aluminum foam heat sink will
increase with increasing distance from the stagnation point.
Additionally, at x/L = �0.425 (the side-edge of the heat
sink shown in Fig. 3), hw was less than the mean value
one. At x/L = 0.613 (the corner-edge of the heat sink pre-
sented in Fig. 3), hw exceeded the mean value one, because
a shorter route has a smaller flow resistance. Therefore,
more air flowed through the side-edge of the heat sink than
the corner-edge of the heat sink.

Based on this discussion, Fig. 5 shows a sketch map of
the flow pattern of this experimental system. The map does
not show the angular velocity of rotation. A larger velocity
vector indicates greater velocity. Theoretically, as more air
flows into the aluminum foams and reaches the heated
spreader, the effect of heat dissipation increases. The vari-
ables that influence the amount of air that enters the heat
sink in the stationary system in this experiment are the
velocity of jet flow, the nozzle-to-foam tip distance and
the diameter of the nozzle. When rotation is considered,
the air inside the aluminum foam heat sink generates rela-
tive circumferential velocity, promoting heat transfer.
However, as the rotation of the heat sink promotes the
transfer of heat, the rotating solid matrix blocks the
Side-view

Top-view

Fig. 5. Sketch map of flow pattern.
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impinging jet, reducing the forced convection associated
with jet impingement. The following section describes para-
metric studies of the effects of relevant parameters on heat
transfer.

Fig. 6 plots the effects of Re, C/d and L/d on the average
Nusselt number (Nu0) of a stationary Al-foam heat sink
with jet impingement. The results indicate that a larger
jet Reynolds number corresponds to a larger average Nus-
selt number, characteristic of forced convection. The effect
of C/d on the average Nusselt number was negligible when
L/d = 4.615 or 3.0. The average Nusselt number seemed to
slightly decrease with increasing C/d when L/d = 2.222.
The main reason is that the jet air in the vicinity of outer
perimeter of the jet nozzle easily bypass the aluminum
foam heat sink at L/d = 2.222, especially under the condi-
tion that C/d is large. However, in the present study, the
average Nusselt number only deviated from the average
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Fig. 7. Effect of rotational Reynolds number on average Nusselt number of a
C/d = 0; (b) C/d = 1; (c) C/d = 3; (d) C/d = 5.
value within ±5% for systems with various C/d. Therefore,
the effect of C/d on the average Nusselt number was negli-
gible for the present system. In addition, as shown in
Fig. 6c, reducing L/d slightly increases the average Nusselt
number at a given Re. However, for the present definition
of Reynolds number, the systems with the same Re but var-
ious L/d have different jet flow rates. There were five jet
flow rates employed in the present experiments: 50, 100,
150, 200, 250 l/min. Based on the same jet flow rate, it is
found that reducing L/d would decrease the average Nus-
selt number because the jet air in the vicinity of outer
perimeter of the jet nozzle easily bypass the aluminum
foam heat sink at small L/d.

Fig. 6 also plots the experimental data of Lytle and
Webb [3] obtained using a system without heat sinks. The
present heat transfer data of a stationary plate with jet
impingement were reasonably consistent with those of
0 5000 10000 15000 20000 25000 30000
Re

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

N
u

/N
u

Jet Impingement on Rotating Al-Foam Heat Sink

Re =3478

0
d=13 mm, H /d=1.954, L/d=4.615, C/d=1f

Ω

Re  =5796 Re =8114r r r

0 5000 10000 15000 20000 25000 30000
Re

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

N
u

/N
u

Jet Impingement on Rotating Al-Foam Heat Sink

Re =3478

0

d=13 mm, H /d=1.954, L/d=4.615, C/d=5f

Ω

Re  =5796 Re =8114r r r

rotating aluminum foam heat sink with jet impingement (L/d = 4.615). (a)



1212 T.-M. Jeng et al. / International Journal of Heat and Mass Transfer 51 (2008) 1205–1215
Lytle and Webb [3]. Comparing the heat transfer with/
without Al-foams shows that the heat transfer through
Al-foam was two to three times that without Al-foam.
Kim et al. [31] also experimentally investigated the thermal
performance of stationary aluminum-foam heat sinks in a
multi-air jet impingement. One of their tests, single jet
with e = 0.92/10 PPI aluminum foam heat sink which
was similar with the present stationary system, was used
to be the compared case. Because the sizes of their
aluminum foams (100 mm-length � 90 mm-width �
9 mm-height) and heated surface (100 mm-length � 90
mm-width) were different from those of the present system,
for a fair comparison with cooling performance, their data
of heat transfer coefficients were modified by multiplying
the volume ratio of the present Al-foams to their one and
the area ratio of their heated surface to the present one.
The comparison result shown in Fig. 6a depicts that the
modified data of Kim et al. [31] were reasonably consistent
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with the present results. The experimental data in Fig. 6
yield the following relationships between the average Nus-
selt number and the jet Reynolds number for a stationary
Al-foam heat sink with various L/d and C/d values.

Nu0 ¼ 1:121ðL=dÞ1:076 � Re0:777ðL=dÞ�0:227

for L=d ¼ 2:222–4:615 and C=d ¼ 0–5 ð6Þ

The deviations between the predictions of Eq. (6) and the
experimental data are within 5.39%.

Figs. 7–9 separately depict cases with L/d = 4.615,
L/d = 3.0 and L/d = 2.222, and present the effect of rota-
tional Reynolds number (Rer) on average Nusselt number
(NuX) of a rotating Al-foam heat sink with jet impinge-
ments for various Re and C/d. The relationship between
NuX/Nu0 and Re was plotted. The results demonstrate that
a bigger Rer meant a more obvious heat transfer enhance-
ment in the case of smaller Re, but the heat transfer
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enhancement by rotation decreased with increasing Re. For
the systems with (L/d = 4.615, C/d = 0–5), (L/d = 3.0,
C/d = 0–5) and (L/d = 2.222, C/d = 0), the rotation even
impaired the heat transfer at Re > 10039, Re > 6525 and
Re > 4833, respectively. The reason can be explained as fol-
lows. When the aluminum foam heat sink is rotating, the
inside air generates the peripheral velocity related to the
solid matrix, promoting heat transfer. On the other hand,
the rotating aluminum foams stops the jet flow from going
through the solid matrix and reaching the heated spreader,
reducing the heat transfer by the jet impingement. There-
fore, if the heat transfer enhancement by rotation cannot
compensate for the heat transfer reduction by rotation,
the average Nusselt number at rotational state will less
than that at stationary state (i.e. NuX/Nu0 < 1). At
L/d = 2.222 with C/d = 1–5, the enhancement of heat
transfer by rotation was marked for all Re. When L/d
was small and C/d was large, the jet air in the vicinity of
outer perimeter of the jet nozzle easily bypasses the alumi-
0 5000 10000 15000 20000 25000 30000
Re

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

N
u 

 /N
u

Jet Impingement on Rotating Al-Foam Heat Sink

Re  =3478

0

d=27 mm, H /d=0.941, L/d=2.222, C/d=0f

Ω

Re  =5796 Re  =8114r r r

0 5000 10000 15000 20000 25000 30000
Re

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

N
u 

 /N
u

Jet Impingement on Rotating Al-Foam Heat Sink

Re  =3478

0

d=27 mm, H /d=0.941, L/d=2.222, C/d=3f

Ω

Re  =5796 Re  =8114r r r

Fig. 9. Effect of rotational Reynolds number on average Nusselt number of
(a) C/d = 0; (b) C/d = 1; (c) C/d = 3; (d) C/d = 5.
num foam heat sink. Less air inside aluminum foams
results less impaired effect on impinging cooling perfor-
mance by rotation. Besides, the rotation also perturbed
the by-pass air flow around the heat sink to promote the
heat transfer. So the average Nusselt number at rotational
state was generally higher than that at stationary state (i.e.
NuX/Nu0 > 1) at the system with small L/d and large C/d.

In principle, heat transfer enhancement increases with
Rer. However, the heat transfer varied little with Re

increases, possibly because two forced convections apply
– one associated with jet impingement, and the other asso-
ciated with rotation. When Re is sufficiently large in rela-
tion to Rer, the forced convection associated with jet
impingement dominates the cooling performance and that
associated with rotation is negligible. Therefore, a dimen-
sionless parameter, Rer/Re, can be utilized to identify
whether the rotation is substantial. Fig. 10 plots NuX/Nu0

as a function of Rer/Re. Considering the experimental
uncertainty yielded a value of NuX/Nu0 of larger than 1.1
0 5000 10000 15000 20000 25000 30000
Re

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2
N

u 
 /N

u
Jet Impingement on Rotating Al-Foam Heat Sink

Re  =3478

0

d=27 mm, H /d=0.941, L/d=2.222, C/d=1f

Ω

Re  =5796 Re  =8114r r r

0 5000 10000 15000 20000 25000 30000
Re

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

N
u 

 /N
u

Jet Impingement on Rotating Al-Foam Heat Sink

Re  =3478

0

d=27 mm, H /d=0.941, L/d=2.222, C/d=5f

Ω

Re  =5796 Re  =8114r r r

a rotating aluminum foam heat sink with jet impingement (L/d = 2.222).



0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Re /Re

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

N
u 

 /N
u

Jet Impingement on Rotating Al-Foam Heat Sink

C/d=0

0

d=13 mm, H /d=1.954, L/d=4.615f

Ω

C/d=1 C/d=3

r

C/d=5

1.1
1.0
0.9

1.13

Null rotation region
Substantial
rotation region

0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8

Re /Re

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

N
u 

 /N
u

Jet Impingement on Rotating Al-Foam Heat Sink

C/d=0

0

d=20 mm, H /d=1.270, L/d=3.0f

Ω

C/d=1 C/d=3

r

C/d=5

1.1
1.0
0.9

1.07

Null rotation 
region Substantial rotation region

0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

Re /Re

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

N
u 

 /N
u

Jet Impingement on Rotating Al-Foam Heat Sink

C/d=0

0

d=27 mm, H /d=0.941, L/d=2.222f

Ω

C/d=1 C/d=3

r

C/d=5

1.1
1.0
0.9

1.44 for C/d=0

Null rotation 
region Substantial rotation region

Fig. 10. NuX/Nu0 as a function of Rer/Re. (a) L/d = 4.615; (b) L/d = 3.0;
(c) L/d = 2.222.

1214 T.-M. Jeng et al. / International Journal of Heat and Mass Transfer 51 (2008) 1205–1215
as the effective enhancement factor of heat transfer. Given
NuX/Nu0 P 1.1, the results indicate substantial rotations
at Rer/Re P 1.13 and Rer/Re P 1.07 for L/d = 4.615 with
C/d = 0–5 and L/d = 3.0 with C/d = 0–5, respectively.
For L/d = 2.222 with C/d = 0–5, rotation was substantial
at Rer/Re P 1.44 for C/d = 0; the rotation was always sub-
stantial for C/d P 1.

5. Summary and conclusion

Heat transfer associated with jet impingement on rotat-
ing porous heats sink was experimentally investigated. Air
was used as an impinging coolant and a square Al-foam
heat sink with e = 0.93/10PPI was adopted. The variable
parameters were the jet Reynolds number (Re), the relative
nozzle-to-foam tip distance (C/d), the rotational Reynolds
number (Rer) and the relative side length of the square heat
sink (L/d). The following conclusions are drawn.

(1) The effects of Re, C/d, Rer and L/d on the dimension-
less temperature distributions along the x-axis were
presented. Experimental results reveal that the
dimensionless temperature (hw) distribution was
fairly even, as hw was mostly between 0.95 and 1.05.
Close observation indicates that hw was less than
the mean value one at the side-edge of the heat sink
and exceeded the mean value one at the corner-edge
of the heat sink.

(2) The effects of Re, C/d and L/d on the average Nusselt
number (Nu0) of a stationary Al-foam heat sink with
jet impingement were presented. The Nu0 obtained
using Al-foams was two to three times that obtained
without Al-foams. A larger Re corresponds to a lar-
ger Nu0. Additionally, the effect of C/d on Nu0 was
insignificant herein. A larger L/d is associated with
a slightly larger Nu0 based on the same jet flow rate.
Finally, the relationship between Nu0 and Re for a
stationary Al-foam heat sink with L/d = 2.222–
4.615 and C/d = 0–5 was elucidated.

(3) The average Nusselt number (NuX) associated with
rotating Al-foam heat sinks under an impinging jet
for various Re, C/d, Rer and L/d was presented.
The results reveal that when Re and L/d were small
and C/d was large, Rer significantly promoted NuX.
Additionally, according to NuX/Nu0 P 1.1, the
results indicate that rotation was substantial at
Rer/Re P 1.13 and Rer/Re P 1.07 for L/d = 4.615
with C/d = 0–5 and for L/d = 3.0 with C/d = 0–5,
respectively. For L/d = 2.222 with C/d = 0–5, the
rotation was substantial at Rer/Re P 1.44 for C/d =
0; the rotation was always substantial for C/d P 1.
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