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Numerical Simulations of Electronic Cooling with
In-Line and Staggered Pin Fin Heat Sinks
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Abstract—Three-dimensional incompressible turbulent fluid flow
and heat transfer of pin fin heat sinks using air as a cooling fluid are
numerically studied in this study. Two different kinds of pin fins are
compared in the thermal performance, including circular and square
cross sections, both are in-line and staggered arrangements. The
turbulent governing equations are solved using a control-volume-
based finite-difference = method.  Subsequently,  numerical
computations are performed with the realizable k - £ turbulence for the
parameters studied, the fin height H, fin diameter D, and Reynolds
number (Re) in the range of 7 <H <10, 0.75 <D <2, 2000 < Re <
126000 respectively. The numerical results are validated with
available experimental data in the literature and good agreement has
been found. It indicates that circular pin fins are streamlined in
comparing with the square pin fins, the pressure drop is small than that
of square pin fins, and heat transfer is not as good as the square pin
fins. The thermal performance of the staggered pin fins is better than
that of in-line pin fins because the staggered arrangements produce
large disturbance. Both in-line and staggered arrangements show the
same behavior for thermal resistance, pressure drop, and the entropy
generation.
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I. INTRODUCTION

IN fins as elements for heat transfer enhancement have

been investigated by numerous researchers. The pin fins
increase not only the internal wetted (cooled) surface area, but
also the structure integrity and stiffness. On the other hand,
when the fluid flows across the pin fin arrays, the pin fins create
accelerated flow between pins, and produce highly disturbed
wake regions behind each pin, horseshoe vortices from
interaction with the end wall, and unsteady vertical shedding
induced from the pin. These mechanisms served to produce a
high turbulence level in the flow and significantly enhanced the
convective heat transfer performance. Basic research on heat
transfer and pressure drop characteristics was performed by
[1]-[3]. Hence, [4] and [5] investigated the relative merits of pin
fin heat transfer and end wall heat transfer in the overall pin
array heat transfer. Despite the previous contributions
regarding different cross-sections of pin fins, it was still not
clear which pin cross-section would give the best results for a
given geometry of the channel. This confusion was due to
different flow rates used in the experiments and to different
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styles of data presentation. Furthermore, the experiments were
carried out for different span-wise and flow direction spaces,
different pin lengths, different pin rows and for different tip
clearances. The different performance evolution criteria used
for the assessment of the performance of their investigated pin
arrays made the comparison of the investigated pin fin arrays
even more complicated. In order to avoid the above-mentioned
difficulties in the performance comparison but still to include
various possible configurations, two geometric criteria for
comparison were selected: the first basically allowed
comparisons under similar fluid dynamic and thermal
conditions whereas the second included the geometric
similarity derived from the point of view of practical
applications. In order to derive an appropriate computational
model, the thermal and fluid dynamic characteristics of the
flow over pin fin arrays have to be considered. Whereas the
heat transfer in the cross-flow over a pin array was a typical
example of external convective heat transfer, the flow through a
channel containing pins has characteristics of internal flows. As
in the fluid flow across the pins no thick thermal boundary layer
can be built, the heat transfer is usually higher than the other fin
geometries. Flow over pin fins, particularly over pin fins with
high ratios of pin length to pin diameter, resembled very much
the flow over tube banks. As in the application of tube banks,
staggered and in-line pin fin arrays were more common.
Similarly, to the flow over tube banks, the characteristics of the
flow with heat transfer through pin arrays depended basically
on transversal and longitudinal center-to-center pin distances
and the inlet fluid flow velocity. Observations made by
different workers for the flow regime over tube banks should be
taken with proviso for the assessment of the flow regime over
pin fins. This is because side walls have a considerable
influence on the basic friction and heat transfer characteristics.
Hence the side wall effect in arrays comprising pin fins cannot
be neglected. The friction on the side wall changes the fluid
dynamic patterns of the flow regime, which may differ from
those observed in tube banks. Such walls in the tube bank
models are much far from each other and hence the tubes are
usually considered to be infinitely long, as the influence of side
walls on the heat transfer and pressure drop coefficients is
minor. In the present computation, the friction on the side walls
additionally influences the flow field, resulting in complicated
3D vortices. In order to provide a fair and physically
meaningful basis for the comparison, appropriate geometric
comparison criteria which provide similar model dimensions
have to be selected. Furthermore, the thermal conditions and
fluid properties have to be similar in order to assess the relative
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advantages of different pin fin cross-section. Hence two
different geometric criteria were employed.

Won et al. [6] and Ames et al. [7] studied the local Nusselt
number and turbulent flow structure characteristics in a pin fin
channel, and their study revealed that the unsteadiness in the
wakes, the shear layers formed between the wake and the high
speed mainstream flow, and the horseshoe vortices formed near
the pin fins, increase mixing and turbulent transport in the pin
fin channel, which is responsible for the heat transfer
enhancement. Lyall et al. [8] studied the effects of the
transverse spacing on the local heat transfer from a row of pin
fins, and indicated that a smaller transverse spacing of pin fins
results in higher end wall heat transfer due to strong interaction
between the wakes. Kondo et al. [9] considered two types of
heat sink: plate fins and pin-fins. They optimized the heat sink
geometry by evaluating sixteen parameters simultaneously. For
the plate fins, the optimal thickness was found to be 0.12- 0.15
mm. For the pin-fins, optimal pin diameters were 0.39- 0.40
mm. Under the conditions of constant pumping power, the
optimal thermal resistance of the plate fins was about 60 % of
the pin-fins. An experimental and modeling study performed by
Dogruoz et al. [10] on square, in-line pin-fin heat sinks to
measure the overall thermal resistance as a function of
Reynolds number and bypass height and identify optimum pin
spacing as a function of clearance ratio. Entropy generation
minimization (EGM) procedure was used to optimize the
overall performance of pin-fin heat sinks [11]. They showed
that the entropy generation rate depends on two main
performance parameters, i.e. thermal resistance and pressure
drop, which in turn depend on the average heat transfer and
friction coefficients. Recently, [12] numerically studied
perforated fins, which performed better and weighed less than
solid fins.

Kosar and Peles [13] compared the hydrodynamic and
thermal performances of micro pin-fin heat sinks having
circular, rectangular, hydrofoil, and cone-shaped micro
pin-fins. The study concluded that the denser pin-fin
configuration has better performance at high Re values, and the
more sparsely packed pin-fin configuration was better at low
Re values. The best thermal performance at low Re values (Re
< 40) was observed with the rectangular pin-fin configuration.
John et al. [14] investigated the effect of pin-fin geometry for
square and circular micro pin-fins. They observed that the
circular pin-fins had better performance compared to the square
pin-fins at Re values below 300, while the square pin-fins had
better performance compared to the circular pin-fins at higher
Re values. Tullius et al. [15], [16] compared the thermal
performances of micro pin-fin heat sinks having circle, square,
triangle, ellipse, diamond-shaped, and hexagon-shaped micro
pin-fins in a staggered array, where these are attached to the
bottom heated surface of a rectangular mini-channel. Effects of
fin height, width, spacing, and material were investigated, and
the best performance was observed with triangular pin-fins
with larger fin height and smaller fin width.

Tiirker et al. [17] performed the evaluation study by using
three-dimensional (3D) numerical models in the light of flow
morphologies around micro pin-fins of various shapes.

According to the results obtained from their study, the
rectangular-shaped micro pin-fin configuration has the highest
Nusselt number and friction factor over the whole Reynolds
number range. Heat transfer and pressure drop characteristics
of a set of pin-fins with uniform heat flux were investigated
experimentally and numerically by [18]. It was designed to
assess the effects of mass flow rate, fin height, and fin density
on convection heat transfer and pressure drop. The flow field of
various design parameters of the heat sink was simulated. It was
found that heat sinks having fin heights of 20 and 30 mm
operated at a lower Reynolds number reached minimum value
for thermal resistance when the fin density 10 x 10

The reliable computational fluid dynamics (CFD)
simulations of wvarious constructal pin-fin models were
performed by [19], and the detailed flow and heat transfer
characteristics were presented. The results showed that by
using the proposed system with optimized pin-fin heat
exchanger the stored thermal energy can be increased by
10.2%. Horiuchi et al. [20] presented the multi-objective
optimization of water-cooled pin fin heat sinks. The heat
transfer rate and pressure drop were the objective functions,
and four parameters (height, diameter, longitudinal pitch, and
transverse pitch) of pin fin geometry were the design variables.
They showed that small clearance caused the reduction of
pressure drop while maintaining high heat transfer
performance.

It can be seen that although heat transfer characteristics in
pin fin channels has been thoroughly investigated from the
above literature mentioned. Very few studies the turbulent flow
both thermal and hydraulic resistances simultaneously. In this
study, numerical computations are performed with the

realizable K — & turbulence for the parameters studied for
in-line and staggered pin fin heat sinks.

II. MATHEMATICAL FORMULATION

The schematic diagram of the geometry and the
computational domain is shown in Fig. 1. The turbulent
three-dimensional Navier-Stokes and energy equations are
solved numerically by a control-volume-based finite-difference
method to simulate the thermal and turbulent flow fields. The
following assumptions are used to simulate the in-line and
staggered pin-fin heat sink.

(1) Three-dimensional turbulent flow
(2) Steady state

(3) Incompressible fluid

(4) Constant fluid properties

(5) Negligible radiative heat transfer

A. Governing Equations

To describe the conjugate heat transfer, the continuity,
momentum and energy equations are required. With the
assumptions described above and the governing equations are
as:

e Continuity equation:
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B. Turbulence Models

Present study compares four different turbulence models to
verify the difference with experimental data. Four models are
Standard K —& model, RNG K —& model, Realizable
K — & model and Reynolds stress model. From present results,
the realizable K —& model shows the better results in
comparing with the experimental data. Therefore, the following
numerical computations are presented by using the standard
K — & model. The transport equations for k and  are given as:
e Transport equation for k:
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o Transport equation for & :
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where,

kZ
= pC,— )
&

The closures coefficients appear in the above equations are
given by the following values:

C,=144,C, =192,C, =0.09,0, =1.0,5, =1.3

C. Boundary Conditions

Fig. 1 shows the settings of boundary conditions on each
boundary of the computational domain. The boundary
conditions in this study can be summarized as follows:

(1) Inlet boundary

u=u,, v=w=0
T=T, =293K ©)
ky = 2(Iy, ) (10)
3
3/2
&, :Cf/“kL )
Dh

(2) Outlet boundary

P =latm (12)
ok _oe N (13)
oX OX OX

(3) Bottom heated wall boundary
q"=3094W / m? (14)
(4) Symmetry boundary

oT
ok _de _ou_ow__ % _, (15)

Ny Ny N
(5) Conjugate boundary

aT
u=v=w=0,T, =T, k Lok, 0 (16)
0 on

III. NUMERICAL CALCULATIONS AND VALIDATIONS

A. Grid Independence Check

The numerical computations are carried out by solving the
governing conservation equations with the boundary
conditions. This study chooses the non-uniform meshes to build
the grid system. The solution procedure is based on SIMPLE
algorithm. The convection term of governing conservation
equations is discretized by a control volume based finite
difference method with a QUICK scheme. A set of different
equations is solved iteratively using a line by line solution
method in conjunction with a matrix form. The solution is
considered to converge when the normalized residual of the

algebraic equation is less than a prescribed value of 10*. In
the present study, three different grid numbers are chosen to
validate the grid dependence of each case. The variations in
thermal resistance with Re at different grid numbers has been
shown in Fig. 2. The figure shows that the numerical results and
the reference experimental data [21] of thermal resistance are
quite close. And the results show that the difference of thermal
resistance between the case of very fine and the fine numbers of
grid are less than 3%. Therefore, the fine numbers of grid are
chosen to carry out the calculations in the present study.
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Fig. 1 Schematic diagram and boundary conditions of (a) staggered (b)
in-line pin fin heat sink

B. Validations of Turbulence Model

To find an appropriate turbulence model to predict the flow
fields, three different turbulence model, standard K — & model,
RNG K — & model and realizable K — & model are chosen to
compare with the experimental data which was published by
[21]. The variations of thermal resistance with Reynolds
number at three different turbulence models are shown in Fig.
3. It can be seen that the results which is predicted by realizable
K — & model and the reference experimental data are quite
close for the in-line and staggered circular pin fin heat sinks.
Therefore, realizable K — & model was chosen to predict this
turbulent flow fields in the present study.
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Re
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3 Grid 303016 —
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1_ - .
15 =
1
0.5 L ) . L
0 4000 8000 12000 16000
Re
(b)
Fig. 2 Grid independence check for (a) in-line (b) staggered circular
pin fin heat sink

IV.RESULTS AND DISCUSSION

The temperature distributions of staggered and in-line
circular pin fin heat sink are shown in Fig. 4. It can be seen that
thermal boundary layer thickness near the upstream is thinner
than that near the downstream. Therefore, the conduction heat
transfer rate on the wall near the upstream is higher than that
near the downstream. It is worth to noting that the boundary
layer thickness near the outlet of the in-line square pin fin heat
sink channel is thinner than that of the staggered case because
the fluctuations in the flow field of the staggered case are
stronger than that of the in-line case.
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Fig. 3 Thermal resistance variations with Re for different turbulence
models for (a) in-line circular (b) staggered square pin fin heat sink

Fig. 5 shows that the variations in average Nusselt numbers
with Reynolds number of square pin fin heat sink. It can be seen
that the average Nusselt number of staggered and in-line case
are significantly higher than that of without pin fin case. It is
because the presence of pin fin increases the total heat transfer
area in the channel. Otherwise, the average Nusselt number of
staggered case is slightly higher than that of in-line case. It is
because the stronger fluctuations in the channel of staggered
case than that in the channel of in-line case may enhance the
mixing of fluid in the channel.

Fig. 6 shows that the variations in average Nusselt numbers
with Reynolds number of circular pin fin heat sink. Similar to
Fig. 5, the difference of average Nusselt number between pin
fin case and without pin fin case is because of the difference of

total heat transfer area in the channel. And the average Nusselt
numbers of in-line case is higher than that of staggered case
when Re > 8000, but it is very close to that of staggered case
when Re < 8000.

294 295 296 297 298 299 300 301 302 303 304 305 306

Temperature:

(@
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Fig. 4 Temperature contours of (a) staggered (b) in-line circular pin fin

heat sinks
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Fig. 5 Variations in average Nusselt number with Re of a square pin fin
heat sink
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6 Variations in average Nusselt number with Re of a circular pin
fin heat sink

V.CONCLUSIONS

In the present study, the more appropriate turbulence
model is the realizable k - ¢ model to predict the flow fields
in the pin fin heat sink channels.

Whether in the staggered or in-line case channel, the
stronger fluctuations near the wall of square pin fin
channels cause better mixing of fluid and larger thermal
boundary layer developing rate in the channel than that of
circular pin fin channels.

Whether in square or circular pin fin channel, the stronger
fluctuations in the staggered case channels cause larger
thermal boundary layer thickness near the downstream of
the channel than that of in-line case channels.

In the square pin fin cannel, the average Nusselt number of
staggered case channel is slightly higher than that of in-line
case channel because of the stronger fluctuations in the
staggered case channel cause better mixing of fluids in the
channel than that the in-line case channel.

In the circular pin fin channel, the difference of average
Nusselt number between the staggered and in-line channels
are very close when Re < 8000 and the average Nusselt
number of in-line channel are slightly higher than that of
staggered case channel when Re > 8000.
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