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ABSTRACT C Heat Capacity

Micro heat sinks have a broad applicability in many fields D Fin Diameter
such as aerospace applications, micro turbine cooling, micro H Fin and micro channel height
reactors, electronics cooling and micro biological applications. L Fluid domain length
Among different types of micro heat sinks, those with micro P Pressure
pin-fins are becoming popular due to their enhanced heat Re Reynolds number
removal performance. However, relevant experimental data is ST Transverse distance between pin-fins
still scarce, and few optimization studies are present in the SL Longitudinal distance between pin-fins
literature. T Temperature

In order to effectively optimize their performance, an w Width of the fluid domain
extensive parametric study is necessary and should be based on f Friction factor
a realistic model. Moreover, micro pin fin heat sinks should be h Heat transfer coefficient
optimized according to appropriate performance criteria k Conductivity
depending on the application. The objective of this paper is to n Normal vector to a surface
fill the research gap in micro pin fin heat sink optimization q Heat flux
based on realistic configurations. q Heat flux vector

In this paper, the parameters for micro pin optimization are r Radius of pin-fin
the pin-fin height over diameter ratio (0.5<H/D<5) and the u Velocity vector of the fluid
longitudinal and transverse pitch ratios (1.5<(SL,ST)/D<S5), u, v, w Velocity components of the fluid
while Reynolds number and heat flux provided from the base of x Spatial coordinate vector
the micro heat sink are in the range of (1<Re<100) and Xz Spatial coordinates
(20<g(W/cm?)<500), respectively.

In this research, micro pin fin heat sinks are three Greek Letters
dimensionally modeled on a one-to-one scale with the use of n Dynamic viscosity
commercially available software COMSOL Multiphysics 3.5a. P Mass density
Full Navier-Stokes equations subjected to continuity and energy
equations are solved for stationary conditions. To have Subscript
increased computational efficiency, half of the heat sink is amb Ambient
modeled with the use of a symmetry plane. In order to validate c Cross sectional
the use of numerical models, parametric values from previous fin Fin
experimental data available in the literature are exactly taken hb Heated base
and simulated. The numerical and experimental results show a hs Heated surfaces
good agreement. After this validation, optimization study is in Inlet related
performed using the three dimensional, numerical models. max Maximum

out Outlet related

NOMENCLATURE sur Surface related

2D Two Dimensional

3D Three Dimensional

A Area
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1 INTRODUCTION

Microelectronic devices dissipate more heat as they
decrease in size. As a response to this challenging heat removal
demand, parallel micro channels were initially utilized and
received considerable attention [1-9]. They are now ready to be
elaborated to more complex structures with the help of recent
advancements in micro fabrication techniques [10, 11].

The latest and most widely used micro heat removing
devices are the micro heat sinks with circular pin-fins. These
devices consist of a micro channel with an array of either
staggered or aligned circular micro pin-fins. The circular pin-
fins have the same height (/) as the micro channel, and their
diameters’ (D) subjectivity to change leads to a varying height
to diameter ratio (H/D) (typically between 0.5 and 5).
Moreover, there is an option of using various coolant fluids, for
which water is mostly preferred. In this paper, the pin-fins are in
staggered configuration, and water is the coolant fluid under
single-phase flow conditions. The comparison between micro
channel and micro pin-fin heat sinks indicates that the latter
provides a larger heat transfer area per volume in addition to
higher heat transfer coefficients due to boundary layer
disruption and mixing effects [12,13].

The current literature covers micro pin fin heat sinks’
hydrodynamic and thermal characteristics and gives valuable
information about this subject [12-23]. Most of these previous
studies utilize experimental data to compare them to existing
conventional correlations for predicting Nusselt numbers or
friction factors of micro pin-fin heat sinks. However, there are
only few numerical studies for accurately simulating heat and
fluid flow in micro pin-fin heat sinks. This work aims at filling
the gap of an extensive numerical study in this subject in
addition to providing valuable insight into optimization of
micro pin fin heat sinks.

2 METHODOLOGY

The height over diameter ratio (H/D) of the pin-fin is
changed from 0.5 to 5, while the height of the pin-fin is kept
constant and equal to the micro channel height (for validation
runs: 243 pm, for parametric runs: 250 pm). The longitudinal
and transverse distance(s) to diameter ratios (SL/D,ST/D) are
between 1.5 and 5. Lastly, the Reynolds number ranges from 20
to 100. These parameters (H/D, SL/D and ST/D) are chosen
according to the most frequently used values in the available
literature [12-23]. Moreover, the rationale for the Reynolds
number range is twofold: to address to scant data in the
literature regarding the very low Reynolds numbers as well as to
decrease the possibility of transition to a turbulent flow in micro
pin-fin heat sinks.

In order to validate the results of parametric models, a one-
to-one validation model of a micro pin-fin heat sink from the
work of Kosar and Peles [20] is simulated. Throughout this
work, all procedures will be explained for two cases: the
validation model and the parametric model. The procedures for
these two different types of models may intersect at some points
and will be elaborated in the following sections.

2.1 Drawing

Parametric models do not fully encompass a whole micro
channel and its micro pin-fins. Instead, to better and faster
simulate the heat and fluid flow across micro pin fins, a
geometrically repetitive pattern in a real micro heat sink is cut
and simulated individually. The 2D-3D representations of a
repetitive pattern, which consists of four micro pin-fins, and a
symmetry plane are depicted in Figs. 1 and 2.
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Figure 1: Cross section of a typical micro pin-fin heat sink
model
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Figure 2: Symmetry boundaries of a typical, 3D micro pin-
fin heat sink model.

Half of the domain above is simulated by using the
symmetry plane. The upper half domain in Fig. 1 always
consists of two halves and a whole micro pin-fin, and the pin-
fins are drawn as extruded cuts from the fluid domain to define
the solid-to-fluid heat transfer boundaries.

In order to have the same number of pin-fins in each case;
varying D, SL and ST values redefine the dimensions of the
fluid domain dimensions. The dimensions (WxL) of the fluid
domain are expressed as:

W=£+2r (D)
2
L=2SL+4r (2
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SL and ST are functions of D, which has varying values
presented in Table 1.

H(um) 250
H/D 0.5,1,2,4,5

D (um) 500, 250, 125, 62.5, 50
SL/D, ST/D |1.5,2,5

Tablel: Geometric parameters of parametric models.

For each pin-fin diameter value (D), SL and ST parameter
sets are formed and a separate model is simulated. In order to
show the effects SL/D and ST/D parameters separately, a
reference case is chosen (SL/D and S7/D are 2) and variations
are simulated in one parameter at a time as presented in Table 2.

SL/D
1.5 12 |5
Q|15
~
w |2
5

Table2: A sample SL-S7/D combination of parameters.

The validation micro pin-fin heat sink model is based on
the 2CLD device experimentally observed in the work of Kosar
and Peles [20]. The device has dimensions of (WxLxH)
1800x10000x243 pum. To exploit the symmetry boundary
conditions, half of the channel width (900 pum) is used. The
micro pin-fins are 100 pum in diameter and SL-ST values are
350-150 pm, respectively.

2.2 Fluid Flow

Due to the varying temperature of the fluid throughout the
micro channel, flows in all models are governed by weakly
compressible, stationary Navier-Stokes equations. Therefore,
the physical properties of water, such as mass density (p) and
dynamic viscosity (7), are all subjected to change because of the
varying temperature. Navier-Stokes equations are subject to a
fully compressible formulation of continuity:

op
L v -(pu)=0 3
o (pu) 3)

pu-Vu=._..

---:_VP+V'(U(Vu+(VU)T)—§77(Vu)I]+F @

The boundary condition at the inlet of a parametric model
is a variable inlet velocity (u;,):

u-n =u, &)

x=0,y,z in

u;, is set according to the desired local Reynolds number
across the pin fin:

n
max (W _D) in

For all parametric models, the Reynolds numbers to be
simulated are 20, 30, 40, 50, 60, 80, and 100. u;, is calculated
using the following formula:

Ren (W - D)
u =——2

8
in DpW ( )

In the parametric model, the outlet is set be an open
boundary with no normal stress:

[-PI]-n =0 )

x=L,y,z

In the validation model, the inlet and outlet are set to have
non-zero pressure for a pressure differential along the channel:

[_PI] ‘n x=0,y,z = Bn (10)
[_PI] ‘n x=L,y,z = Pout (11)
F,>F, (12)

Symmetry boundary condition is set for one side of the
channel as in Fig. 2. The symmetry plane cuts the micro channel
and the pin-fins located at the middle of channel width.

All other boundaries are set as no-slip boundary conditions.

2.3 Heat Transfer

For all the models, steady state conditions are imposed. All
properties of water, such as mass density (p), dynamic viscosity
(n), heat capacity (C) and conductivity (k), are temperature
dependent. The governing energy equation becomes:

pC(u-V)T =—(V-q)=V-(kVT) (13)

In real life practices, a prescribed heat flux (g;,) is applied
at the base of the micro channel (4,,) with an area of WxL.
However, in this numerical work, the heat flux is homogenously
distributed (g;,) to the whole heated surfaces (4,,: base without
the cross sectional area of pin-fins and with pin-fin surfaces) as
in Fig. 3.
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L

Figure 3: Heated surfaces of the micro pin-fin heat sink

Therefore, the ratio of the heat flux at the heated base and
at the whole fluid interacting surfaces is:

L 4 ) 148
in hb hb WL + 2 (Af,Sur - Afsc )

14
4, (14)

A

Additionally, the inlet temperature (7;,) is constant and set
to 300 K for parametric models while it was varied for the
validation model according to experimental conditions:

T

=T (14)

x=0,y,2

The channel outlet is set to have outward convective flux:

q-n =pCTu-n xeLyz (15)

x=L,y,z
All other boundaries are set as thermally isolated boundaries.

2.3 Mesh and Solver Settings

The simulation package, COMSOL Multi physics 3.5a is
used and its Weakly Compressible Navier-Stokes and
Convection-Conduction modules are integrated to the model
presented above. This software is synchronized with Solid
Works 2008 SP2.1 to perform geometric sweeps.

This software runs in a work station with an Intel Xeon
3.0GHz processor with 32GB RAM. The server’s operating
system is Microsoft XP 64bit edition.

The micro pin-fins surfaces, the heated base and the fluid
sub domain were meshed with a maximum element size of /2.
Mesh elements on the surfaces and volumes are triangular and
tetrahedral, respectively. Total mesh element amount can vary
from 10000 to 50000 according the changing aspect ratios of
the parametric models since the models with higher H/D ratio
demand a greater number of mesh elements. The mesh
independency check for D=500 geometry reveals that the mesh

configuration with maximum element size equals to 7/2,
providing a mesh independency less than 1%.

Mesh element size r r/1.5 r/2
AT heated surfaces | 40.06 40.652 140.424
Table3: Mesh independency check for D=500 geometry

To solve the governing equations, Parallel Direct Sparse
Solver (PARDISO) runs separately for segregated parameters
(fluid flow and heat transfer variables). The absolute tolerance
is set to be 10, The simulations can take from10 minutes to 60
minutes.

2.4 Post Processing of the Results

For the validation model, the pressure difference between
the inlet and the outlet is given, and the resulting flow velocity
is compared to the experimental results of Kosar and Peles [20].

In parametric models, additional channel walls are
introduced to encircle a repetitive pin-fin pattern. However, in
the validation model, each repetitive pattern is not separated by
no-slip walls. These encircling no-slip walls in the parametric
models introduce additional pressure losses. In order to
accurately evaluate the pressure loss that pin-fins introduce in a
parametric model, total force in the x direction (F,) is integrated
over pin-fin surfaces, then surface averaged and substituted for
channel pressure difference.

F.dA

AP = .[ Fin szfaces (16)

fin,sur

Friction factor for each pin-fin is expressed for N,,,=2.

f 2APﬁn APﬁn (1 7)
" Nrowp urznax P Z’lrznax

In order to evaluate the heat transfer performance of the
models, the outlet and heated base temperatures need to be
calculated:

outlet

TdA
surface

Ty == — (18)

out

TdA

heated
surface

“wL+2(4,,,, A,

(19)

7;113

By using Eq. 20 and 21, average heat transfer coefficients,
Nusselt numbers, and fin efficiencies are calculated iteratively
and in similar lines as previous experimental studies in the
literature [18, 20, 21]:
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T +T
Ty == Z (20)
h= 9L 21)

(Nﬁn (nﬁnAﬁn - Ac,ﬁn ) + WL)[Thb - 7:1mb]
tanh (m nH )

Nin =" (22)

fi m, H

hA
mg, = |—2— 23)

. Hkﬁn Aﬁn,c

3 RESULTS

3.1 Validation Runs

The 2CLD micro pin-fin heat sink device from the
experiments of Kosar and Peles [20] is exactly modeled for
validation purposes. The simulation results show a very strong
agreement with the experimental data. Experimental applied
pressure difference (AP) and heat flux (g) are taken as the input
parameters.

At a given pressure difference, the numerically calculated
average flow velocities across the channel are more than 99%
accurate compared to those achieved in the experimental work.

Figure 4 depicts the temperature distribution along and at
the mid height of the channel. The minimum and maximum
temperatures are represented by dark blue and red colors,
respectively. The left side wall of the micro channel has an
increasing temperature (which finally reaches a global
maximum), as it gets closer to the outlet.

xle-d

Flow Direction,

V.Lx

Figure 4: Temperature distribution numeric model of 2CLD
device from the experiments of Kosar and Peles [20].

In order to show the agreement between the validation
model and experimental results, the surface averaged heated

base temperatures are plotted against applied heat fluxes for two
fixed pressure drops. Figure 5 proves the strong agreement
between numerical and experimental results for increasing
pressure differentials. The corresponding maximum error
percentages (between experimental and numerical surface
temperatures) for AP=36.8 and 20.3 kPa are 13% and 7%,
respectively.

330 : :
& -B-Exp AP=36.8Kpa
395 2 d "% Num AP=36.8Kpa
i f -©-Exp AP=20.3Kpa
300 + £ -+ Num AP=20.3Kpa
315
&
310
305}
300
295 05 1 15 2
q[W/m?) x 10°

Figure 5: Numerical vs experimental surface averaged
temperatures for the heated base of the micro channel in
cases of varying pressure differentials.

3.2 Parametric Runs

The parametric runs reveal the performance of various pin-
fin configurations surrounded by channel walls with varying S7-
SL values under various flow conditions. It should be noted that
the number of pin-fins in a configuration is kept constant in the
fluid domain with varying dimensions. Thus, the denser pin-fin
spacing does not necessarily lead to higher Nusselt numbers or
friction factors. An example can be given for a case of pin-fins
with 500pum diameter at Re=100. In this case, the SL/D remains
constant while S7/D is varied from 1.5 to 5. The increase in ST
increases the channel width due to the constant pin fin number
per fluid domain imposed in this study. Therefore, the required
average inlet velocity for the same Reynolds number (100) is
increased from 0.0857 to 0.142 m/s. The convective heat flux
profiles along the fluid domain are depicted at slices along the
channel in Figs. 6 and 7. These slices are taken from the mid
height of the channel, where fluid flow is least affected by no-
slip boundary conditions. As the convective heat flux increases,
the color on the slice makes a transition from blue to red. It can
be seen that higher convective heat flux values occupy more
area for S7/D=5 (Fig. 7), a condition, which leads to higher
Nusselt numbers.

5 Copyright © 2010 by ASME



Max; 4.163e8

Figure 6: Convective flux slice, streamlines and velocity
arrows for D=500, Re=100, SL/D=2, ST/D=1.5

Max: 45768
108
45

Min: 68,213

Figure7: Convective flux slice, streamlines and velocity
arrows for D=500, Re=100, SL/D=2, ST/D=5

Figures 6 and 7 also show that an increased ST value allows
more fluid to pass between the three heated pin-fins rather than
the unheated channel wall. Moreover, in the configuration of
ST/D=1.5, the streamlines show that three pin-fins stand as one
single body against the fluid flow. However, the streamlines
need to be reformed for each pin-fin at a greater ST/D ratio, a
condition, which leads to a higher friction factor.

As opposed to the effect of S7/D, an increasing value of
SL/D introduces lower friction factors and Nusselt numbers. As
depicted in Figs. 8 and 9, increasing SL/D value allows the
deformed flow streamlines to become more regular. The
streamlines in SL/D=1.5 have a lower radius of curvature than
SL/D=5. Moreover, the convective heat flux is more
homogenously distributed among pin-fins in SL/D =1.5 than in
SL/D=5.

Max: 434268
s10?

Figure 8: Convective flux slice, streamlines and velocity
arrows for D=500, Re=100, S7/D=2, SL/D=1.5

Max: 4. 206e3
x0®

Figure 9: Convective flux slice, streamlines and velocity
arrows for D=500, Re=100, ST/D=2, SL/D=5

In Figs. 10-14, friction factor versus Reynolds number
profiles are depicted at a fixed H/D value with five different
combinations of S7/D-SL/D. The major trend among all figures
is the decrease of friction factors with an increase in H/D.

There is a strong relationship between the friction factor
and S7/D. For each configuration, there are the same number of
pin-fins, and thus, the same number of obstacles to the flow
across. As the pin-fins move away from each other, they cannot
stand as one body against the fluid flow and the streamlines are
more distorted, which introduces additional friction. Moreover,
as ST/D increases, the dependency of friction factor, f, on Re
weakens.

In contrast to S7/D, SL/D has an adverse effect on friction
factor. As SL/D increases, the flow is less affected by the
geometric blockages of pin-fins, and pin-wake (downstream the
pin fin) interactions become minor.
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Among all combinations of SL/D and ST/D, the friction
factor difference between the worst and best scenario can vary
from 75% to 25%, as H/D increases. This shows that SL/D and
ST/D ratios are more critical in lower H/D ratios.
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Figure 10: f'vs Re for H/D=0.5
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Figure 11: f'vs Re for H/D=1
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Figure 12: f'vs Re for H/D=2
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Figure 13: f'vs Re for H/D=4
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Figure 14: f'vs Re for H/D=5

According to Figs. 15-18, the trend in Nusselt number with
respect to the Reynolds number changes for the Reynolds
numbers starting from 60 (for most cases) and differs from its
trend at lower Reynolds numbers. Such a change in Nusselt
number behavior was also previously reported and attributed to
the formation of attached vortices by Kosar and Peles [20].
Moreover, as H/D increases, the effects of SL/D and ST/D
weaken as in the friction factor case.

The effects of SL-ST/D for low H/D ratios on Nusselt
numbers comply with their effect on friction factor. As depicted
in Fig. 15 for H/D=0.5, the configuration resulting in higher
friction factor leads to a higher Nusselt number. However, as
H/D increases, the configurations start to have a more complex
behavior.

In Figure 16, ST/D=1.5SL/D=2 configuration has a lower
Nusselt number than the reference case (S7T-SL/D=2) for
Reynolds numbers lower than 60. After Re=60, it outperforms
the reference case. ST/D=5 SL/D=2 configuration results in
lower Nusselt numbers than the reference case but it is more
adversely affected by higher Re numbers. SL/D effect on Nu
shows the same trend as in friction factor.
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Figure 15: H/D=0.5, Nu vs Re
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Figure 16: H/D=1, Nu vs Re

The trends in Nu become more complex with increasing
H/D ratio. As shown in Figure 17, ST/D=5SL/D=2 configuration
has higher Nu values compared to the reference case over the
whole Re range. SL/D=1.5 SL/D=2 configuration has highest
Nusselt numbers at lower Re (Re<60) and is outperformed by
ST/D=5SL/D=2 configuration.

—sLD2,ST/D2
+ 43-SL/D:1.5,ST/D:2
s -%-SL/D:5,ST/D:2
451 -© SL/D:2,ST/D:1.5
“+ SL/D:2,ST/D:5
4
235
25

20 40 60 80 100 120 140
Re

Figure 17: H/D=2, Nu vs Re

In Figure 18, all configurations seem to converge to the
same Nusselt number at higher Re. For lower Reynolds
numbers, S7/D=1.5 SL/D=2 configuration has a tendency to
outperform all configurations. The decrease in Nu with
increasing H/D is more evident in this H/D ratio. This could be
associated with the decrease in fin efficiency.

—SL/D:2,ST/D:2
—+-SL/D:1.5,ST/D:2
-8-SL/D:5,ST/D:2
- SL/D:2,ST/D:1.5
2.6 -© SL/D:2,ST/D:5

Figure 18: H/D=4, Nu vs Re

4 CONCLUSION

In this numerical work, first, an experimentally tested
device was modeled, and then, numerical heat transfer results
were obtained. The results were compared to experimental data
to show the credibility of numerical models. Following that, a
geometrically repetitive pattern from a typical micro pin-fin
heat sink was chosen and became the base of parametric runs.
In these runs, the repetitive pattern always contained the same
amount of micro pin fins. However, the channel dimension
varied to surrender the occupied area defined by varying SL, ST
and D values. Therefore, this parametric optimization is
independent of predicting the performance of a heat sink with a
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varying density of pin-fins at a fixed micro channel geometry.
The results show that:

. SL/D and ST/D have negative and positive effects on
friction factor independent of H/D and Re,
respectively.

° For H/D=0.5, SL/D and ST/D affect Nusselt number
in parallel lines with friction factor.

. For higher H/D the trends in Nu become complex
and highly dependent on working conditions (Re)
and H/D ratio.
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