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The thermal performances of the heat sink with un-uniform fin width designs with an impingement cool-
ing were investigated numerically. The governing equations are discretized by using a control-volume-
based finite-difference method with a power-law scheme on an orthogonal non-uniform staggered grid.
The coupling of the velocity and the pressure terms of momentum equations are solved by the SIMPLEC
algorithm. The well-known k � e two-equations turbulence model is employed to describe the turbulent
structure and behavior. The parameters include the five Reynolds number (Re = 5000–25000), three fin
heights (H = 35, 40, 45 mm), and five fin width designs (Type-1–Type-5). The objective of this study is
to examine the effects of the fin shape of the heat sink on the thermal performance. The results show that
the Nusselt number increases with the Reynolds number. The increment of the Nusselt number decreases
gradually with the increasing Reynolds number. Furthermore, the effects of fin dimensions on the Nusselt
number at high Reynolds numbers are more significant than that at low Reynolds numbers. It is also
found that there is potential for optimizing the un-uniform fin width design.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

With the rapid development of electronic technology, electronic
appliances and devices now are always in our daily life. Under the
condition of multifunction, high clock speed, shrinking package
size, and higher power dissipations, the heat flux per unit area in-
creased dramatically over the past few years. In addition, the work-
ing temperature of the electronic components may exceed the
desired temperature level. Thus, an efficient cooling and maintain-
ing the die at a reasonable operating temperature have played an
important role in insuring a reliable operation of electronic
components.

There are many methods in electronics cooling, such as jet
impingement cooling [1,2], heat sink [3], microchannel heat sink
[4], and heat pipe [5–7], etc. Conventional electronics cooling nor-
mally used impinging jet with heat sink showing superiority in
terms of unit price, weight and reliability. Therefore, the most
common way to enhance the air-cooling is through the utilization
of impinging air jets on a heat sink. In order to design an effective
heat sink, some criterions such as a large heat transfer rate, a low
pressure drop, an easier manufacturing, a simpler structure, a rea-
sonable cost and so on should be considered.

A number of research scholars have examined the thermal and
hydraulic characteristics of various heat sinks extensively. The
steady-state forced-convection cooling of a horizontally based
pin-fin assembly has been investigated experimentally by Haq
ll rights reserved.
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et al. [8]. The overall pressure drop and the effect of the shroud
clearance were examined. Ledezma et al. [9] performed an exper-
imental, numerical and theoretical study of the heat transfer on a
pin-finned plate. They carried out the correlation equations for
an optimal fin-to-fin spacing and a maximum thermal conduc-
tance. Brignoni and Garimella [10] demonstrated the experimental
optimization of confined impinging air jets used in conjunction
with a pin-fin heat sink. Enhancement factors for the heat sink
were evaluated, and the range of 2.8–9.7 was obtained relative to
a bare surface. Both the average heat transfer coefficients and the
thermal resistance were expressed for the heat sink as a function
of a Reynolds number, an air flow rate, a pumping power, and a
pressure drop, to assist in optimizing the jet impingement config-
uration for given design constraints. Maveety and Hendricks [11]
showed a performance study of pin-fin heat sinks with impinge-
ment cooling which considered the effects of geometry, nozzle-
to-heat sink vertical placement, material, and the Reynolds num-
ber. The results revealed that the best performance occurred when
the dimensionless impingement distance was between 8 and 12,
and when the Reynolds number was between 40000 and 50000.
The results also presented that due to the higher spreading resis-
tance efficiency of the carbon composite material, it led to a more
uniform cooling of the heat sink. Moreover, the influence of the
nozzle-to-heat sink vertical placement on the thermal perfor-
mance was reduced as the Reynolds number increased. Maveety
and Jung [12] have investigated the comparisons between compu-
tational and experimental results for the cooling performance from
a pin-fin heat sink with an impinging air flow. Furthermore, opti-
mization studies were discussed to quantify the effects of changing
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Nomenclature

Ah heating area (m2)
b thickness of the base of the heat sink (mm)
C1, C2, Cl turbulent constant
COE coefficient of enhancement
d diameter of the nozzle (m)
h heat transfer coefficient based on Ah (W/m2K)
H height of the fins (mm)
k turbulent kinetic energy (m2/s2)
ka thermal conductivity of air (W/mK)
ks thermal conductivity of aluminum alloy (W/mK)
L length of the base of the heat sink (mm)
Nu Nusselt number (=hd/ka)
p pressure (N/m2)
Q heating power (W)
Re Reynolds number (=|Vin|d/m)
Rth thermal resistance (K/W)
T temperature (K)
ui, uj velocity component (m/s)
V velocity in the Y-direction (m/s)
W width of the fins (mm)
xi, xj coordinates (m)

Greek symbols
e turbulent energy dissipation rate (m2/s2)
l dynamic viscosity (Ns/m2)
m kinematic viscosity (m2/s)
q density (kg/m3)
r Prandtl number
rk, re turbulent constant

Subscripts
ave average
base base
film film
in inlet
l laminar
new new design
origin original design
t turbulent
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the fin length and the fin cross-sectional area on the cooling perfor-
mance. The numerical results illustrated a complex pressure gradi-
ent inside the fin array and a greater pressure gradient improved
mixing and heat transfer. Their simulations also demonstrated a
complicated fluid motion with large pressure gradients that gener-
ated vorticity, circulation and flow reversals. The enhancement of
heat transfer from a discrete heat source in a confined air jet
impingement was experimentally studied by El-Sheikh and Garim-
ella [13]. Relative to an unpinned heat sink, the heat transfer from
the pinned ones improved by 2.4–9.2 times. Due to the introduc-
tion of the heat sinks, the enhancement factors relative to the bare
heat source varied from 7.5 to 72. Results for the average heat
transfer coefficient were correlated as a function of the Reynolds
number, fluid properties and geometric parameters of the heat
sinks. Hwang and Lui [14,15] studied the heat transfer and pres-
sure drop characteristics between pin-fin trapezoidal ducts with
straight and lateral outlet flows. The effect of pin arrangement
for the ducts of different direction outlet flow was also examined.
Moreover, a similarity of the pin Reynolds number dependence of
row-averaged Nusselt number was developed. An experimental
study was conducted to investigate the heat transfer from a paral-
lel flat plate heat sink under a turbulent air jet impingement by
Sansoucy et al. [16]. The forced convection heat transfer rates from
a flat plate and from a flat plated heat sink under an impinging
confined jet have been obtained. In addition, the experimental re-
sults were compared with the numerical predictions obtained in an
earlier study. They concluded that the numerical analysis in a pre-
vious study was adequate for appraising the mean heat transfer
rate in jet impingement for situations of thermal management of
electronics. Chiang and Chang [17] and Chiang et al. [18] developed
the response surface methodology (RSM) and applied grey-fuzzy
logic to find the optimal values of designing parameters of a pin-
fin type heat sink under constrains of mass and space limitations
to achieve the high thermal performance. The optimal designing
parameters have been carried out and verified by conducting con-
firmation experiments. Li et al. [19] and Li and Chen [20] investi-
gated the thermal performance of pin-fin and plate-fin heat sinks
with confined impingement cooling by using infrared thermogra-
phy. The results show that the thermal resistance of the heat sinks
decreases with the increased Reynolds number of the impinging
jet. However, the reduction of the thermal resistance decreases
gradually as the Reynolds number increases. Moreover, it revealed
that the influence of fin width is more obvious than the fin height.
In addition, the optimal impinging distance increases with the
increasing Reynolds number. Finally, they concluded that the ther-
mal performance of the pin-fin heat sinks is superior to that of the
plate-fin heat ones. Furthermore, the thermal performance of pin-
fin heat sinks with air impingement cooling was performed
numerically and experimentally by Li and Chen [21]. The effects
of the fin geometry and the Reynolds number on the heat transfer
of the heat sinks were discussed, as well. The experimental inves-
tigation of plate-fin and pin-fin heat sinks was conducted by Kim
et al. [22]. They compared the thermal performance of these two
types of heat sinks and obtained the correlations for the pin-fin
heat sinks. The thermal and hydraulic behavior due to jet impinge-
ment on pin-fin heat sinks was experimentally investigated by Issa
and Ortega [23]. This study showed that the pressure loss coeffi-
cient increased with increasing pin density and pin diameter, and
decreased with increasing pin height and clearance ratio. More-
over, the overall base-to-ambient thermal resistance decreased
with increasing Reynolds number, pin density and pin diameter.

Excluding numerical simulation or experimental studies, the
entropy generation method was also utilized to evaluate or opti-
mize the thermal performance of the heat sink [24–28]. The proce-
dure is based on the minimization of entropy generation resulting
from heat transfer and pressure drop. The model demonstrates a
rapid and stable procedure for obtaining optimum design/opera-
tional conditions without resorting to parametric analysis by using
repeated iterations with a thermal analysis tool.

Moreover, some scholars have interests in altering the fin shape
to enhance the thermal and hydraulic performance. Lorenzini and
Moretti [29] analyzed the Y-shape fins and examined the geome-
tries by varying the angle between the two arms of the Y and pro-
posed new shape for the fins. Naphon and Sookkasem [30]
investigated the heat transfer characteristics of tapered cylinder
pin-fin heat sinks experimentally and numerically. Ledezma and
Bejan [31] performed the experimental and numerical study of
heat sinks with sloped plate fins. This study discussed the thermal
performance on the orientation of the fin array and the tilting of
the crests of the plate fins. Ji et al. [32] studied the cooling perfor-
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mance of triangular folded fin heat sink. They discussed the influ-
ence of the fin pitch, the Reynolds number, and the fin height. The
results showed that the cooling performance of triangular folded
fin heat sinks depended significantly on the fin height, the fin pitch,
and the Reynolds number. Moreover, the empirical correlations
were developed to predict the heat transfer coefficient and pres-
sure drop. Sathe and Sammakia [33] presented a study of a new
and unique high-performance air-cooled impingement heat sink.
The comparisons between numerical simulations and experimen-
tal data of the heat sink performance have been conducted. The ef-
fects of the fin thickness, inter-fin gap, nozzle width, and fin shape
on the heat transfer and pressure drop have been studied. The
study showed that the pressure drop can be decreased by cutting
the fins in the central impingement zone without sacrificing heat
transfer rates. The numerical predictions of heat transfer and flow
characteristics of heat sinks with ribbed and dimpled surface have
been done by Wee et al. [34]. The results showed that the heat
transfer augmentation produced by the ribs is about 104% higher
than that produced by the smooth-surface heat sink. But the ribs
also produce higher static pressure variations, higher velocity gra-
dients, and higher streamwise vorticity magnitudes. Applying dim-
ples to heat sink surface gives a spatially averaged Nusselt number
increase of 63%, with a pressure drop penalty which is much lower
than the one produced by ribbed surfaces. Shah et al. [35] demon-
strated the results of a numerical analysis of the performance of an
impingement heat sink designed for use with a specific blower as a
single unit. The effects of the shape of the heat sink fins, particu-
larly near the center of the heat sink were examined. It is found
that the removal of fin material from the central region of the heat
sink enhances the thermal as well as the hydraulic performance of
the sink. Shah et al. [36] extends the previous work by investigat-
ing the effect of the removal of a fin material from the end fins, the
total number of fins, and the reduction in the size of the hub fan.
The reduction in the size of the hub of the fan is found to be a more
uniform distribution of the air inside the heat sink, particularly
near the center of the module. Increasing the number of fins indi-
cates a small drop in the temperature, accompanied by a signifi-
cant pressure rise. Moreover, they reported a new optimal heat
sink design by employing the actual fan operating characteristics.

Generally speaking, there are many testing processes for heat
sinks which must be introduced in an effort to obtain the thermal
and hydraulic performance of heat sinks. If we take advantage of
the numerical simulation to acquire some probable optimal design
parameters before running experiments, the cost and research
time can be reduced. In this paper, the numerical simulation of
pin-fin heat sinks with impingement cooling in thermal-fluid char-
acteristics will be investigated. The purpose of this study is to
examine the effect of the fin shape on the thermal performance
of the heat sink.

2. Mathematical model and numerical method

The schematic diagram of the geometry and the computational
domain is shown in Fig. 1. The turbulent three-dimensional Na-
vier–Stokes and energy equations are solved numerically (using a
finite-difference scheme) combined with the continuity equation
to simulate the thermal and turbulent flow fields. An eddy viscos-
ity model is used to account for the effects of turbulence. The flow
is assumed to be steady, incompressible, and three-dimensional.
The buoyancy and radiation heat transfer effects are neglected. In
addition, the thermophysical properties of the fluid are assumed
to be constant.

The three-dimensional governing equations of mass, momen-
tum, turbulent kinetic energy, turbulent energy dissipation rate,
and energy in the steady turbulent main flow using the standard
k � e model are as follows:
(1) Continuity equation
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The empirical constants appear in the above equations are given
by the following values: C1 = 1.44, C2 = 1.92, Cl = 0.09, rk = 1.0,
re = 1.3

The governing equation for the solid can be written as:
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The Reynolds number of the impinging jet is defined as

Re ¼ j Vin j d
m

ð7Þ

where d denotes the diameter of nozzle.
The average convection heat transfer coefficient h is calculated

by

h ¼ Q
AhðTbase � TinÞ

ð8Þ

The average Nusselt number Nu is calculated by

Nu ¼ hd
ka

ð9Þ
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Following the definition given in Sansoucy et al. [16], the coef-
ficient of enhancement (COE) is defined to quantify the improve-
ment in heat transfer rates due to the different types of the heat
sink fins. This is expressed as

COE ¼ Nunew

Nuorigin
ð10Þ

where ka is evaluated at the film temperature Tfilm Tfilm ¼ TbaseþTin
2

� �
The thermal resistance of the heat sink is calculated by

Rth ¼
Tave � Tin

Q
ð11Þ

The dimensions of the computational domain were based on
the work by Li and Chen [21]. Taking advantage of the symmetry,
the numerical simulations have been performed by considering
only a one-quarter model of the physical domain. The boundary
conditions for this problem are stated as follows. At the flow inlet,
the air was uniformly induced downward with a constant temper-
ature. The pressure boundary conditions are used at the outlet. No
slip conditions with thermally insulated are provided on all the
other walls. At the bottom of the heat sink, a uniform constant heat
flux is applied on the heating area. The adiabatic thermal boundary
conditions are utilized at the outer perimeter of the bottom of heat
sink except for the heating area. In addition, because of symmetric
assumptions only a quarter of a heat sink and a quarter of channel
are calculated as shown in Fig. 2.

A non-uniform and staggered grid system with a large concen-
tration of nodes in regions of steep gradients, such as those close to
the walls was employed. A staggered grid arrangement is used in
which the velocities are stored at a location on the control-volume
faces. All other variables including pressure are calculated at the
grid points. The numerical method used in the present study is
based on the SIMPLEC (Semi-Implicit Method for Pressure-Linked
Equation Consistent) algorithm of van Doormaal and Raithby
[37]. Pressure and velocity correction schemes are implemented
in the model algorithm to arrive at a converged solution when both
the pressure and velocity satisfy the momentum and continuity
equations. For non-linear problems, under-relaxation is employed
to avoid divergence in the iterative solutions. The resulting sets
of discretized equations for each variable are solved by the line-
by-line procedure which is the combination of the Tri-Diagonal
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Fig. 2. Computational domain and boundary conditions.
Matrix Algorithm (TDMA) and the Gauss–Seidel iteration tech-
nique of Patankar [38]. The solution is considered to be converged
when the normalized residual of the algebraic equation is less than
a prescribed value of 10�3.

3. Results and discussion

The denotations and dimensions of the aluminum heat sinks
with different un-uniform fin width designs in this study are de-
picted in Fig. 3 and Table 1. The effects of the impinging Reynolds
number and the fin dimensions on the thermal performance are
investigated. The parameters used in this study include five Rey-
nolds numbers (Re = 5000–25000), three fin heights (H = 35, 40,
45 mm), and five fin width designs (Type-1–Type-5). Fig. 4 shows
the configuration of the heat sinks. The heat sink comprises a
10 � 10 array of fins. The width of inter-fin spacing is constant.
The material of heat sink is selected as aluminum alloy 6061 and
has a value 168 W/mK in thermal conductivity. Both the length
and width of the base of the heat sink are 80 mm. The area of
the heater is 40 � 40 mm, which is in the center of the heat sink.
The heating area is heated with heating power 20 W.

3.1. Verification

In order to verify the present numerical model, the thermal
resistance of the heat sink comprises a 6 � 6 array of uniform
width of the fins (W = 8.0 mm) under the conditions
Re = 5000 � 25000 and Q = 20 W, which are compared with Li
and Chen [21] as shown in Fig. 5. Moreover, a total number of cells,
61357, 85713 and 120374 were employed to assess the grid inde-
pendence as shown in Fig. 6. The deviations of the Nusselt number
predicted using meshes with 61357 and 85713 cells are 1.5% and
0.5% from the obtained using a mesh with 120374 cells. The results
L

L

b

H

Fig. 3. Geometry of heat sink (Type-3, original design).

Table 1
Dimensions of the fins.

Fin shape Fin width

W1 (mm) W2 (mm) W3 (mm) W4 (mm) W5 (mm)

Type-1 2.0 2.0 9.0 9.0 9.0
Type-2 5.0 5.0 7.0 7.0 7.0
Type-3 6.2 6.2 6.2 6.2 6.2
Type-4 8.0 8.0 5.0 5.0 5.0
Type-5 11.0 11.0 3.0 3.0 3.0

L = 80 mm, b = 8.0 mm.



Fig. 4. Schematic diagram showing different fin width designs in the study (a) Type-1 (b) Type-2 (c) Type-3 (d) Type-4 (e) Type-5.
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of the grid sensitivity study showed that the simulations based on
the 85713 meshes provide satisfactory numerical accuracy. Be-
sides, the average error between simulation results and experi-
mental data is about 10%. Reasonable discrepancies between
numerical calculations and the available experimental results of
Li and Chen [21] may be caused by the isotropic assumption,
numerical error or 9.1% uncertainty of Li and Chen [21].
Fig. 8. Effects of the fin width design on pressure field (Re = 10000, H/L = 0.5000, middle
3.2. Effects of the impinging Reynolds number and the fin dimensions

The Nusselt number of the heat sink with various fin dimen-
sions and impinging Reynolds numbers are shown in Fig. 7. As
the figure indicates, the Nusselt number increases with the
increasing Reynolds number. However, the increment of the Nus-
selt number decreases gradually as the Reynolds number increases.
Moreover, the Nusselt number also increases with the increasing
fin height. Increasing the height of the fins enlarges the heat trans-
fer area of the heat sink, which enhances the heat transfer rate. The
influences of the fin height on the Nusselt number at high Reynolds
numbers are more obvious than that at low Reynolds numbers. The
trends of the curves also show that the Nusselt number of the
Type-2 design is higher than the others.

3.3. Effects of the fin width design

The effects of the fin width design on pressure field are given in
Fig. 8. It can be seen that the pressure fields show the obviously
variations neat the tips of the central fins and the stagnation re-
gion. The flow in the axial direction is decelerated giving rise to in-
crease static pressure at the impingement region. When the fin
design change from Type-1 to Type-2, the pressure at the stagna-
tion point decreases. The flow resistance of Type-1 at the central
region of the heat sink is lower than Type-2. This makes the varia-
tion of velocity of Type-1 from the tip of fins towards the bottom
cross section of the heat sink) (a) Type-1 (b) Type-2 (c) Type-3 (d) Type-4 (e)Type-5.
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higher than Type-2. Hence, at the stagnation point, the pressure of
Type-1 is higher than Type-2. As the fin design changes from Type-
2 to Type-3, Type-4 and Type-5, the pressure still decreases, which
is similar to the previous condition.

Fig. 9 depicts the effects of the different fin width designs on the
Nusselt numbers. As seen in this figure, the Nusselt number in-
creases with the increasing Reynolds number. The increment of
the Nusselt number decreases gradually with the increasing Rey-
nolds number. Besides, the decrease of the increment of the Nus-
selt number of Type-1 is more obvious than other designs. As
seen in Fig. 9(a), only Type-2 is superior to Type-1 at Re = 5000.
With the increasing Reynolds number, Type-3 and Type-4 exceed
Type-1 gradually. From this figure, we may reasonably conclude
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that the Tyep-5 will exceed Type-1 at higher Reynolds numbers.
The trends of Fig. 9(b) and Fig. 9(c) are similar to Fig. 9(a) except
for the condition at Re = 5000. At Re = 5000, the Nusselt number
of Type-3 is higher than Type-1 under the conditions H/
L = 0.5000 and H/L = 0.5625. The temperature in the center of the
heat sink is much higher than all other areas. Therefore, it is impor-
tant to enlarge the heat transfer area and the flow rate for the effi-
cient heat dissipation in the central region of the heat sink.
However, the flow penetration into the heat sink is weak at low
Reynolds numbers. Accordingly, the cut of flow channel should
be congregated in the center of the heat sink to reduce the flow
resistance in the central region. More working fluid could flow into
the center of the heat sink instead of bypassing them to enhance
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the heat transfer rate. Although the design of Type-1 could allow
more working fluid flows into the center of the heat sink, the fins
in the central region is too thin to dissipate heat efficiently. There-
fore, the Nusselt number of Type-1 is lower than Type-2. By
increasing the Reynolds number, the penetration of the working
fluid becomes stronger. Hence, Type-3 and Type-4 are exceeding
Type-1 gradually.

Fig. 10 shows the effects of different fin width designs on the
COE. The COE is calculated based on the original design (Type-3,
uniform fin width). It can be seen that COE increases when the
fin shape changes from Type-1 to Type-2. When the fin shape
changes from Type-2 to Type-3, the COE decreases. As the fin shape
changes from Type-3 to Type-4 or Type-5, the COE decreases, sim-
ilar to the previous condition. Moreover, the present results also
reveal that the COE of Type-2 is higher than all the other designs.

4. Conclusion

The numerical simulation of the heat sink with an impingement
cooling at various Reynolds numbers and fin dimensions are pro-
posed. The purpose of this study is to evaluate the possibility of
improving the thermal performance by utilizing the un-uniform
fin width design of the heat sink. It is found that an adequate
un-uniform fin width design could increase the Nusselt number
and the COE of the heat sink simultaneously. Besides, the incre-
ment of the Nusselt number decreases gradually as the Reynolds
number increases. The enhancement of the heat transfer by
increasing the Reynolds number of the impinging jet may have a
limitation. Moreover, the effects of fin dimensions on the Nusselt
number at high Reynolds numbers are more obvious than that at
low Reynolds numbers. In addition, the results also show that there
is potential for optimizing the un-uniform fin width design.
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