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Abstract

This paper utilizes the infrared thermography technique to investigate the thermal performance of plate-fin heat sinks under confined
impinging jet conditions. The parameters in this study include the Reynolds number (Re), the impingement distance (Y/D), the width
(W/L) and the height (H/L) of the fins, which cover the range Re = 5000–25,000, Y/D = 4–28, W/L = 0.08125–0.15625 and
H/L = 0.375–0.625. The influences of these parameters on the thermal performance of the plate-fin heat sinks are discussed. The exper-
imental results show that the thermal resistance of the heat sink apparently decreases as the Reynolds number increases; however, the
decreasing rate of the thermal resistance declines with the increase of the Reynolds number. An appropriate impingement distance can
decrease the thermal resistance effectively, and the optimal impingement distance is increased as the Reynolds number increases. More-
over, the influence of the impingement distance on the thermal resistance at high Reynolds numbers becomes less conspicuous because
the magnitude of the thermal resistance decreases with the Reynolds number. An increase of the fin width reduces the thermal resistance
initially. Nevertheless, the thermal resistance rises sharply when the fin width is larger than a certain value. Increasing the fin height can
increase the heat transfer area which lowers the thermal resistance. Moreover, the influence of the fin height on the thermal resistance
seems less obvious than that of the fin width. To sum up all experimental results, Reynolds number Re = 20,000, impingement distant
Y/D = 16, fin width W/L = 0.1375, and fin height H/L = 0.625 are the suggested parameters in this study.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The operating capability and consumption power of
electronic components have been increasing owing to the
rapid development of the semiconductor technology. Inev-
itably the heat fluxes of the electronic components appar-
ently rise because of the demands of powerful and
miniature products. To remove heat efficiently from the
high density electronic components becomes a crucial issue.
Various cooling techniques, e.g. phase-change cooling,
thermoelectric cooling, liquid cooling and impinging
jet cooling, have been established to solve the problem.
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Impinging jet cooling combined with a heat sink provides
a qualified solution for its direct, quick and local cooling
characteristics. This cooling method has been investigated
by a number of studies. Ledezma et al. [1] were concerned
with the optimization of the heat transfer from pin fins
under impinging air flow; they expressed the correlations
for optimal fin-to-fin spacing and maximum thermal con-
ductance. Sathe et al. [2] investigated the fluid motion
and heat transfer from a pin-fin heat sink under an imping-
ing flow; their simulations and experiments of the local
temperatures showed similar results for the central part
of the heat sink, but simulations overpredicted the temper-
atures around the outer edge of the heat sink base. The
results indicated that the temperature of the substrate
was low directly under the nozzle and it increased in the
outward direction. Brignoni and Garimella [3] focused on
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Nomenclature

A cross-sectional area of the heating element
(mm2)

At heat transfer area (mm2)
b thickness of the base of the heat sink (mm)
D nozzle diameter (mm)
d distance between the two thermocouples in the

heating element (mm)
G inter-fin spacing (mm)
H fin height (mm)
kal thermal conductivity of aluminum alloy

(W/mK)
L length of the base of the heat sink (mm)
n fin number
Q heating power (W)
Re Reynolds number

Rth thermal resistance (�C/W)
Tave average temperature of the base of the heat sink

(�C)
Tl temperature of the lower thermocouple in the

heating element (�C)
Tu temperature of the upper thermocouple in the

heating element (�C)
T1 temperature of the impinging jet (�C)
U overall heat transfer coefficient (W/�C mm2)
V jet velocity (m/s)
W fin width (mm)
Y impingement distance (mm)

Greek symbol

m kinematic viscosity (m2/s)
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the heat transfer of a confined jet flow impinging on a pin-
fin heat sink; with a fixed nozzle-to-target spacing, these
workers varied the flow speed, diameter of nozzle and noz-
zle arrays and found that at a fixed air flow rate a nozzle of
smaller diameter increased the impinging velocity and
decreased the thermal resistance. Maveety and Hendricks
[4] studied the influence of the geometry, the impingement
distance, the material and the Reynolds number on the per-
formance of pin-fin heat sinks with impingement cooling.
The experimental results revealed that the fin geometry
had an appreciable effect on the thermal resistance. The
best thermal performance occurred when the dimensionless
impingement distance was between 8 and 12. Moreover,
the influence of the impingement distance on the perfor-
mance was reduced as the Reynolds number was increased.
Maveety and Jung [5] investigated the cooling performance
of a pin-fin heat sink with air impingement flow; their sim-
ulations demonstrated a complicated fluid motion inside
the fins and a greater pressure gradient improved mixing
and heat transfer. They concluded also that the heat trans-
fer was greatly affected by the fin dimensions. Maveety and
Jung [6] presented experimental and numerical results for
heat transfer from pin-fin heat sinks cooled by air impinge-
ment. It was shown that by minimizing the overall heat
sink thermal resistance instead of maximizing the heat
transfer from the fins was a better design criterion to opti-
mize fin arrays. Kim and Kuznetsov [7] numerically studied
the optimization of pin-fin heat sinks in a jet impinging
channel. It was suggested that a thin pin-fin heat sink
should be designed to have high porosity, while a thick
pin-fin heat sink should have relatively low porosity. Park
et al. [8] numerically investigated the optimum design of a
fan-driven 7 � 7 pin-fin heat sink which minimized the
thermal resistance and the pressure drop. The fin width
and the fin height were found to be the dominant design
variables, while the influence of the fan-to-heat sink dis-
tance on the thermal resistance and the pressure drop
was comparatively small.

Only a limited amount of work is available to investigate
the performance of plate-fin heat sinks with impingement
cooling. Sathe and Sammakia [9] studied the optimized
performance of the plate-fin heat sink under a rectangular
impinging jet. The results showed that by cutting the fins
located under the impingement zone reduced the pressure
drop without sacrificing the heat transfer. Bhopte et al.
[10] used a commercial package to explore the heat transfer
of a plate-fin heat sink under impinging air cooling. The
Nusselt was found to be dependent on the Reynolds
number, the Rayleigh number, the nozzle diameter, the
impingement distance and the heat sink geometry.

The infrared thermography technique utilizes the radi-
ant exitance in the infrared spectral band from measured
objects to measure temperature. It is non-intrusive, appli-
cable remotely and suitable for measurement of a large
area, and can also serve to record data for subsequent stor-
age and processing with a computer. Meinders et al. [11]
applied both infrared thermography and liquid crystal
thermography to investigate local convective heat transfer
from cubes in tunnel flow; these methods exhibited satisfac-
tory consistency. Meinders and Hanjalic [12] investigated
the heat transfer coefficient of an array of cubic objects
in turbulent tunnel flow by measuring the surface tempera-
ture with infrared thermography; they also used Laser
Doppler Anemometry to measure the velocity distribution.
Ay et al. [13] used an infrared thermography camera to
observe the surface temperature of a plate-finned-tube heat
exchanger and calculated the local heat transfer coefficient.

From the previous literature reviews, the impinging jet
cooling combined with a heat sink is generally applicable
for cooling of electronic devices. Due to the complexity
of the thermal-fluid characteristics in this approach, a
greater understanding of the fluid flow and heat transfer
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should be achieved in order to enhance the performance of
this cooling technique. The objective of this paper is to
investigate experimentally the thermal performance of
plate-fin heat sinks under confined impinging jet condi-
tions. The influences of the Reynolds number, the impinge-
ment distance, the width and the height of the fins on the
performance are discussed.
Table 1
The specifications of the plate-fin heat sinks

No. W (mm) G (mm) H (mm) At

(mm2)

1 6.5
(W/L = 0.08125)

8.2
(G/L = 0.1025)

30 (H/L = 0.3750) 36,928
2 35 (H/L = 0.4375) 42,016
3 40 (H/L = 0.5000) 47,104
4 45 (H/L = 0.5625) 52,192
5 50 (H/L = 0.6250) 57,280

6 8.0 6.4 30 (H/L = 0.3750) 38,656
2. Experimental apparatus and data reduction

The experimental equipment, shown schematically in
Fig. 1, consists of an infrared thermography system, a con-
fined impinging jet system, heat sinks, a heating element
and thermal insulated device, and a system to measure flow
rate and temperature. The infrared thermal imaging system
(FLIR systems’ ThermaCAM SC500 camera and AGEMA
Research software) has a range of temperature measure-
ment from �20 �C to 1500 �C with ±2% accuracy. The
IR camera utilizes a 320 � 240 pixels uncooled focal plane
array detector operated over the wavelength range from
7.5 lm to 13 lm. The field of view is 24� � 18�, the instan-
taneous field of view is 1.3 mrad, and the thermal sensitiv-
ity is 0.1 �C at 30 �C. Images is transferred to a computer in
almost real time and stored therein for further analysis
[14,15].

The confined impinging jet system consists of a nozzle,
confining plates, orifice meters and a blower. To investigate
the thermal performance of the heat sink subjected to con-
fined impingement cooling, the confining plates are
attached to the edges of the nozzle exit and the heat sink
base. The cooling air is sucked by the blower, collected
by the casing and sent to the orifice meter to measure its
flow rate. A thermocouple is embedded into the nozzle in
order to measure the jet temperature. The impinging jet
ejects steadily from the nozzle to the heated heat sink
and removes heat constantly. A nozzle of diameter (D)
8 mm is used and the impingement distance (Y) between
Fig. 1. The schematic diagram of the experimental apparatus.
the nozzle and the tip of the fins is set as 96 mm for
reference.

The plate-fin heat sinks are designed as an array of 6 � 2
with a cut-off passage in the x-direction. The material of
the heat sinks is selected as aluminum alloy 6061 and the
surfaces are coated with a flat black paint that has a radi-
ation emissivity of 0.96 to increase the accuracy of temper-
ature measurement. The length and width (L) of the base of
the heat sinks are 80 mm and the thickness (b) is 8 mm. The
height and width of the fins are varied as experimental
parameters. There are 25 heat sink models in this study
with 5 fin widths and 5 fin heights as shown in Table 1
and Fig. 2. The heat transfer area of the plate-fin heat sink
is given by At = L2 + nH(2W + L � G).

The heating element is covered with the insulated mate-
rial, except on the top where it is in contact with the heat
sink. The heating power is supplied from a DC source. It
is expressed as

Q ¼ kalAðT l � T uÞ
d

ð1Þ

where kal denotes the thermal conductivity of heating alu-
minum alloy 6061 and has a value 168 W/mK. Tu and Tl

are the temperatures of the upper and lower thermocou-
ples, respectively, installed in the heating element. A signi-
fies the cross-sectional area of the heating element, and d
(W/L = 0.10000) (G/L = 0.0800)7 35 (H/L = 0.4375) 44,032
8 40 (H/L = 0.5000) 49,408
9 45 (H/L = 0.5625) 54,784

10 50 (H/L = 0.6250) 60,160

11 9.5
(W/L = 0.11875)

4.6
(G/L = 0.0575)

30 (H/L = 0.3750) 40,384
12 35 (H/L = 0.4375) 46,048
13 40 (H/L = 0.5000) 51,712
14 45 (H/L = 0.5625) 57,376
15 50 (H/L = 0.6250) 63,040

16 11.0
(W/L = 0.13750)

2.8
(G/L = 0.0350)

30 (H/L = 0.3750) 42,112
17 35 (H/L = 0.4375) 48,064
18 40 (H/L = 0.5000) 54,016
19 45 (H/L = 0.5625) 59,968
20 50 (H/L = 0.6250) 65,920

21 12.5
(W/L = 0.15625)

1.0
(G/L = 0.0125)

30 (H/L = 0.3750) 43,840
22 35 (H/L = 0.4375) 50,080
23 40 (H/L = 0.5000) 56,320
24 45 (H/L = 0.5625) 62,560
25 50 (H/L = 0.6250) 68,800

L = 80 mm, b = 8 mm



Fig. 2. The sketch of a plate-fin heat sink.
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denotes the distance between the upper and lower thermo-
couples. The range of heating power in the experiments is
19.2–25.73 W. From our investigation of the influence of
varying the heating power we conclude that it does not
alter the thermal resistances over the range examined [16].

We use three orifice meters to cover the range of mea-
surements 0.039–0.099 m3/min, 0.059–0.189 m3/min and
0.133–0.283 m3/min. T-type thermocouples are used to
measure temperatures of both the jet fluid and the heating
element.

The experiments are performed and the temperature dis-
tributions obtained by the infrared thermography system
are manipulated with a computer and associated software.
We thereby obtain the average temperature of the base of
the heat sink and evaluate the thermal performance.

The thermal resistance of heat sink is defined as

Rth ¼
T ave � T1

Q
¼ 1

UAt

ð2Þ

where Tave is the average temperature of the base of the heat
sink, T1 is the temperature of the impinging jet, U is the
overall heat transfer coefficient, and At is the heat transfer
area which consists of the top of the base and the fins of
the heat sink. This equation indicates that a larger heat trans-
fer area or a higher overall heat transfer coefficient may lead
to a smaller thermal resistance. In other words, more heat
may be removed if the thermal resistance becomes smaller,
so better thermal performance may be achieved. The Rey-
nolds number of the impinging jet is calculated by

Re ¼ VD
m

ð3Þ

where V is jet velocity and m is the kinematic viscosity of
air.
The relative uncertainty of the thermal resistance is
expressed as [17]

dRth

Rth

¼ dðT ave � T1Þ
T ave � T1

� �2

þ dQ
Q

� �2
( )1=2

ð4Þ

The relative uncertainties of the heating power Q and the
impinging Reynolds number Re are obtainable in similar
ways. The maximum relative uncertainties of the thermal
resistance, the heating power, and the Reynolds number
for the experiments are estimated to be 14.3%, 7.1%, and
2%, respectively.

3. Results and discussion

The temperature of the plate-fin heat sink is measured
by the infrared thermography technique in this paper; fur-
thermore, the influences of various parameters on the ther-
mal performance of the heat sink are investigated by
evaluating the thermal resistance from the experimental
results. The experimental parameters considered contain
the Reynolds number, the impingement distance, the fin
width and the fin height. The rangers of the parameters
are described below:

1. Reynolds number: Re = 5000, 10,000, 15,000, 20,000
and 25,000.

2. Impingement distance: Y = 32, 64, 96, 128, 160, 192 and
224 mm (Y/D = 4, 8, 12, 16, 20, 24 and 28).

3. Fin width: W = 6.5, 8.0, 9.5, 11.0 and 12.5 mm (W/L =
0.08125, 0.1, 0.11875, 0.1375 and 0.15625).

4. Fin height: H = 30, 35, 40, 45 and 50 mm (H/L = 0.375,
0.4375, 0.5, 0.5625 and 0.625).
3.1. The temperature distribution on the surface of the heat

sink

Fig. 3 shows the temperature distribution of the top
surface of the heat sink by infrared thermography under
the conditions Y/D = 12, W/L = 0.11875, H/L = 0.5625,
Q = 21.66 W, Re = 15,000. The temperature gradient indi-
cates the direction of heat transfer in the heat sink to be
outward from the inside and upward from the bottom
because the heating element is in the center and contacts
with a quarter of the heat sink bottom.

3.2. The influence of the Reynolds number on the thermal
performance

The influence of the Reynolds number on the thermal
performance is demonstrated in Fig. 4 for various fin
widths with Y/D = 12 and H/L = 0.5. It is noted that the
thermal resistance can be reduced effectively with the
increase of the Reynolds number. The decreasing ratios
of the thermal resistance with the Reynolds number for
different fin widths are shown in Fig. 5. The decreasing
ratios of the thermal resistance for the heat sink with fin



Fig. 3. The temperature distribution of a heat sink under the conditions Y/D = 12, W/L = 0.11875, H/L = 0.5625, Q = 21.66 W, Re = 15,000.
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Fig. 4. The influence of the Reynolds number on the thermal resistance
for various fin widths with H/L = 0.5 and Y/D = 12.
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Fig. 5. The decreasing ratios of the thermal resistance with the Reynolds
number for various fin widths with H/L = 0.5 and Y/D = 12.
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width W/L = 0.11875 are 37.34%, 22.43%, 21.89% 4.94%,
respectively, when the Reynolds number increases from
5000 to 10,000, 15,000, 20,000 and 25,000. The highest
thermal resistance decreasing ratio occurs when the Rey-
nolds number increases from 5000 to 10,000. The decreas-
ing ratios are similar when the Reynolds number increases
from 10,000 to 15,000 and from 15,000 to 20,000. More-
over, the decreasing ratio becomes apparently lower when
the Reynolds number increases from 20,000 to 25,000.
Generally speaking, the similar trend of the thermal resis-
tance decreasing ratio is observed if the fin width of the
heat sink varies. Thus, Re = 20,000 is the most effective
value to apply for lowering the thermal resistance.

3.3. The influence of the impinging distance on the thermal

performance

The variation of the impinging distance affects not only
the velocity of the jet into the heat sink but also the imping-
ing range of the jet within the heat sink. To investigate the
influence of the impinging distance (Y/D) on the thermal
resistance, the fin width and fin height of the heat sink
are selected to be W/L = 0.1 and H/L = 0.5. The results
are shown in Figs. 6 and 7. As shown in Fig. 6, the thermal
resistance rises if the impinging distance Y/D is too long or
too short, and an appropriate Y/D can cause the thermal
resistance to reduce effectively. The results indicate that ini-
tially the thermal resistance decreases obviously with an
increase of Y/D when the Reynolds number is 5000. The
minimum thermal resistance is achieved at Y/D = 16.
Afterward, the trend is reversed and the thermal resistance
rises with increasing Y/D. This is because the impinging
region of the jet is limited which declines the heat exchange
between the jet and the heat sink if the impinging distance
is too short. On the other hand, the jet may not be able to
enter the inter-fin space effectively to remove heat if the
impinging distance is too long. When the Reynolds number
increases to 10,000 and 15,000, more jets are allowed to
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Fig. 6. The influence of the impinging distance on the thermal resistance
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Fig. 7. The decreasing ratios of the thermal resistance with the impinging
distance for various Reynolds numbers with W/L = 0.1 and H/L = 0.5.
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flow into the inter-fin space to remove heat which results
in sharply decreases of the thermal resistance for different
Y/Ds. Additionally, the optimal Y/D is also lengthened,
i.e. Y/D = 20. When the Reynolds number reaches 20,000
and 25,000, the influence of the impinging distance on the
thermal resistance becomes obscure and the thermal per-
formance is similar.

To sum up, the optimal impinging distance increases
with increasing Reynolds number of the impinging jet.
Besides, the improvement of the thermal resistance by the
impinging distance is less significant for higher Reynolds
numbers. Owing to the demand of compact size of elec-
tronic devices, increasing the impinging distance to
improve the thermal resistance beyond a certain range
seems to be impractical. Therefore, the optimal impinging
distance is set to be Y/D = 16 in this study by considering
the system size and the thermal performance.
3.4. The influence of the fin geometry on the thermal

performance

The relationship between the fin width W and the inter-
fin spacing G of the plate-fin heat sink considered can be
calculated by L ¼ n

2
W þ n

2
� 1

� �
G, where L is the length

of the base of the heat sink and n is the fin number. The
influence of the fin width and the fin height on the thermal
resistance are shown in Figs. 8 and 9 for Y/D = 12 and
Re = 5000, 10,000, 25,000. The inter-fin spacing becomes
larger when the fin width decreases. The flow can enter
the heat sink more easily to facilitate the heat exchange
between the heat sink and the jet that results in a higher
overall heat transfer coefficient. However, the heat transfer
area becomes smaller in this case that impedes the heat
transfer. The results reveal that increasing the fin width
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can reduce the thermal resistance initially, but the thermal
resistance may rise once the fin width is greater than a cer-
tain value. It is found that the lowest thermal resistance
occurs at W/L = 0.1 when the Reynolds number is 5000
and the fin height is H/L = 0.375. The lowest thermal resis-
tance is found at W/L = 0.1375 for all other experiment
data. Thus, the optimal fin width in this study is selected
as W/L = 0.1375.

Fig. 9 shows the effect of the fin height on the thermal
resistance of the heat sink. The heat transfer areas of the
heat sinks increase approximately 55% if the fin height
increases from H/L = 0.375 to H/L = 0.625. The thermal
resistance reduces significantly with increasing fin height
at Re = 5000. It implies that the lack of fluid momentum
to drive effective force convection at lower Reynolds num-
ber can be compensated by increasing the fin height to aug-
ment the heat transfer area. However, the influence of the
fin height becomes insignificant if the Reynolds number
rises up to 10,000 and 25,000, because the increased area
locates on the tip of the heat sink where the temperature
is low.

4. Conclusions

This study utilizes the infrared thermography technique
to measure the thermal performance of the plate-fin heat
sinks under confined impinging jet conditions at different
Reynolds numbers, impingement distances, fin widths
and fin heights. We conclude as follows from the experi-
mental results.

1. The thermal resistance is influenced strongly by the
Reynolds number of the impinging jet. To increase the
Reynolds number can reduce the thermal resistance
effectively. Moreover, the reduction of the thermal resis-
tance decreases gradually with the increase of the Rey-
nolds number. Thus, the improvement of the thermal
resistance by increasing the Reynolds number has a lim-
itation. By considering the decreasing rate of the thermal
resistance, the optimal Reynolds number in this study is
set to be 20,000.

2. The thermal resistance of the heat sink rises if the
impinging distance is too short or too long. If the
impinging distance is too short, the impinging region
of the jet is limited which declines the heat exchange
between the jet and the heat sink. Conversely, the jet
may not be able to enter the inter-fin space effectively
for cooling if the impinging distance is too long. Both
situations cause the thermal resistance to decline. The
optimal impinging distance increases with increasing
Reynolds number of the impinging jet. Moreover, the
improvement of the thermal resistance by increasing
the impinging distance is less significant for higher Rey-
nolds numbers. The suggested optimal impinging dis-
tance is Y/D = 16 in this study.

3. The increase of the fin width can reduce the thermal
resistance effectively, but the thermal resistance may rise
once the fin width is greater than a certain value. A heat
sink with a wider fin width provides a larger area to
increase the heat transfer between the heat sink and
the impinging jet. However, an over-extended fin width
restrains the inter-fin space and results in less fluid flow
into the heat sink. Thus, the thermal resistance severely
rises. The fin width W/L = 0.13750 is optimal for the
most of the heat sinks and the Reynolds numbers con-
ducted in this study.

4. Although increasing the fin height may increase the heat
transfer area, the increased area locates on the tip of the
heat sink where the temperature is low. Therefore, the
effect of increasing the fin height on the thermal resis-
tance is less effectively than that by increasing the fin
width.
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