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Abstract

A full 3-dimensional (3D) conjugate heat transfer model has been developed to simulate the heat transfer performance of silicon-
based, parallel microchannel heat sinks. A semi-normalized 3-dimensional heat transfer model has been developed, validated and used
to optimize the geometric structure of these types of microheat sinks. Under a constant pumping power of 0.05 W for a water-cooled
microheat sink, the optimized geometric parameters of the structure as determined by the model were a pitch of 100 lm, a channel width
of 60 lm and a channel depth of about 700 lm. The thermal resistance of this optimized microheat sink was calculated for different
pumping powers based on the full 3D conjugate heat transfer model and compared with the initial experimental results obtained by
Tuckerman and Pease in 1981. This comparison indicated that for a given pumping poser, the overall cooling capacity could be enhanced
by more than 20% using the optimized spacing and channel dimensions. The overall thermal resistance was 0.068 �C/W for a pumping
power of 2 W.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Recent advances in microelectromechanical devices
(MEMS), advances in very large-scale integration (VLSI)
technologies and the associated microminiaturization of
semiconductor devices in general, has led to significant
increases in the packaging densities and associated heat
fluxes generated within these devices. These increases are
typified by the projections in the International Technology
Roadmap for Semiconductors (ITRS) [1] that indicates
that volumetric heat generation rates will approach
3.3 � 104 W/mm3. This level of power generation will
require that junction-to-ambient thermal resistances be
below 0.14 �C/W in order to meet the suggested maximum
junction temperatures of 85 �C required for long-term,
high-performance operation of these devices. One of the
0017-9310/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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possible methods for removing the resulting high heat
fluxes, is to utilize microchannel heat sinks with or without
phase change, fabricated as an integral part of the silicon
wafers. This approach was first presented over 25 years
ago by Tuckerman and Pease [2]. Since that time, numer-
ous investigations have been conducted using a variety of
designs and geometric configurations. However, review of
the existing experimental results indicates that in the vast
majority of these investigations, the geometries evaluated
were selected arbitrarily or based upon ease of fabrication,
rather than through the use of some sort of theoretical or
computational analysis to determine the optimal configura-
tion. As a result, the thermal performance of these non-
optimal devices was well below what could be achieved
with relatively small changes in the geometry and that the
current technology was sufficiently robust to allow the fab-
rication of these optimized geometries.

While many of the initial investigations were performed
on non-optimal geometries, the results clearly indicated a
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Nomenclature

a thermal diffusivity
A total surface area of microchannel
Ac area of cross-section of microchannel
CP specific heat
Dh hydraulic diameter
f friction factor
H height of channel
h convective heat transfer coefficient
_m mass flow rate
N number of channels
P pressure
P pumping power
qw heat flux
Re Reynolds number
T temperature
u x-direction velocity of liquid
U dimensionless velocity
_V total volume flow rate

V vector of velocity
W width of channel
Wpitch width of pitch

Greek symbols

h dimensionless temperature
d thickness of the substrate bottom wall
k conductivity
q density
l dynamic viscosity
t kinetic viscosity
C periphery of the inner wall of channel

Subscripts

b bulk liquid
l liquid
m mean value
w substrate
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relationship between the cross-sectional aspect ratio and
the flow friction and convective heat transfer for both
laminar and turbulent conditions. In a majority of cases,
silicon-based MEMS technology was used to create micro-
channels within silicon wafers that had trapezoidal or tri-
angular cross-sections (anisotropic wet etching on h100i
wafer) or rectangular cross-sections (DRIE or wet etching
on h110i wafers) as opposed to more traditional circular
cross-sections. In addition, in most cases, heat was added
to the bottom of the wafer, resulting in non-symmetrical
heat addition to the channel periphery.

Recently, efforts have been underway to analyze the pos-
sible optimal structure for these parallel microchannel heat
sinks [3–10]. Among these optimization works, two princi-
ple methods were adopted: one is the fin efficiency method
[3–6] and the second is a numerical computation method
[7–10]. It is interesting to note that optimal geometries sug-
gested by these two approaches were seldom similar. This
may be due to the fact that the fin efficiency method
requires a number of assumptions, which may vary from
one investigator to the next and hence, reduce the accuracy
of the results, for example (i) the assumption of the heat
transfer coefficient which could vary for different investiga-
tions, (ii) the assumption of a constant temperature differ-
ence between the solid and the bulk fluid, and (iii) the
assumption that the axial heat conduction is negligible.
Alternatively, in the majority of the numerical approaches
developed, a very simple 2-dimensional heat transfer model
was used to determine the optimal value [7,8] or in some
cases, a very coarse mesh was adopted [9] for use in the
numerical approach. Recently, Li and Peterson [10] pro-
posed a rigorous, 3-dimensional semi-normalized numeri-
cal method to explore the optimal geometry of the
parallel microchannel heat sinks and demonstrated that
on a silicon wafer with a typical thickness of 450 lm, the
configurations first used by Tuckerman and Pease [2] and
by Kawano et al. [11], were quite close to the optimized val-
ues predicted by the numerical model. Nevertheless, the
ultimate optimal geometry was not achieved due to the
constraint of the wafer thickness of 450 lm.

In the current investigation, a detailed full 3-dimen-
sional numerical simulation of the conjugate heat transfer
problem was conducted in order to analyze the effect of
the geometry of these silicon-based microchannel heat
sinks on the overall heat transfer performance and to deter-
mine the optimal structure of the microheat sink under the
assumption of a constant pumping power. The microheat
sinks evaluated in this investigation, consist of a 10 mm
long and 10 mm wide silicon substrate (1 cm2). Using this
configuration, the effects of the microchannel geometry
on the temperature distribution in the heat sink (or the
thermal resistance) are investigated. With the optimized
geometry, the heat transfer performance of the microchan-
nel heat sink as determined by the variation in the thermal
resistance was then calculated for different pumping powers
and compared with the existing experimental results. In
addition, a number of microfabrication issues are also pre-
sented and discussed in terms of the feasibility of fabrica-
tion of the resulting optimized, deep trench microchannel
heat sinks.

2. 3-D conjugate heat transfer modeling in microheat sinks

Rectangular microchannels can be fabricated using sili-
con wafers with aspect ratios, H/W, of up to 20:1 using
DRIE and 6:1 using KOH wet etching techniques, subject
to a number of constraints. These constraints are the result
of issues related to the stress and deflection under high
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pressure and the microfabrication process itself. Typically,
a minimum thickness of 100 lm for the external channel
walls is the widely accepted value, based upon both exper-
imental [2,11] and analytical [9,10] optimization tech-
niques. In addition, the maximum practical aspect ratio
should be less than 20:1 due to the degree of difficulty
and the economy in microfabrication.

A schematic of the geometry of parallel microchannel
heat sinks investigated and evaluated in the current inves-
tigation is shown in Fig. 1. In this configuration, a uniform
power density was applied to the bottom of the heat sink
with the objective being to determine the optimal design.
This optimal design was determined by minimizing the
thermal resistance between the hottest point on the heat
sink and the coldest point in the coolant and is referred
to as the global thermal resistance or the ‘‘junction”
Fig. 1. Structure of a parallel microchannel heat sink and the 3D
numerical domain.
thermal resistance, when subjected to a specified heat input
and pumping power.

To establish this value, the pumping power, P , is
assumed to be held at a constant value. Under such a con-
straint, an optimal analysis could be carried out by com-
paring the thermal resistance for different configurations,
to determine how each of the dimensional parameters
affects the overall thermal performance. This pumping
power, P , is defined as

P ¼ _V � DP ¼ N � um � Ac � DP ð1Þ
where _V is the total volume flow rate; N is the number of
channels; um is the mean velocity in the channel; Ac is the
area of the cross-section of the channel; and DP is the pres-
sure drop across the channel. This expression and approach
has been widely used by previous researchers [8–10].

In the current investigation, referring to Fig. 1, the
length Lx and the width Lz of the microheat sink were cho-
sen to be 10 mm � 10 mm (1 cm2). The thicknesses of the
silicon wafers evaluated vary based upon the depth of the
channel being investigated. The structure of the microchan-
nel heat sink can be configured by bonding two wafers
together with half-height channels fabricated on each wafer
through direct silicon bonding methods with double side
alignment [6] to achieve a deep trench channel with an
aspect ratio well beyond 6:1. The use of this modified fab-
rication technique, will significantly reduce the difficulties
associated with the microfabrication, since batch fabrica-
tion using low trench etching will save both time and cost,
and will result in an improved channel shape if the under-
cutting is considered. In addition, these configurations can
enhance the performance when compared to a glass cover
with a low thermal conductivity, which has been the case
for many previous investigations.

2.1. Full 3D conjugate heat transfer model

A full 3-dimensional (3D) conjugate heat transfer model
of microchannel heat sinks has been developed. As shown
in Fig. 1, this numerical model utilizes a cell with one rect-
angular channel as the computational domain, due to the
symmetrical structure of the heat sink. If the gravitational
force and the heat dissipation caused by viscosity are
neglected for steady, incompressible, laminar flow, the gov-
erning equations for the liquid flow are
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Fig. 2. The relation between the convergent values of longitudinal mean
bulk temperature of fluid and the convergent criteria.
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The hydrodynamic boundary conditions are

at the channel wall surface ðno-slipÞ; u ¼ v ¼ w ¼ 0 ð4aÞ
at the inlet; x ¼ 0; P l ¼ P in ð4bÞ
at the outlet; x ¼ Lx; P l ¼ P out ð4cÞ

The energy equation for the liquid is
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and the heat conduction in the silicon wafer can be ex-
pressed as
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which is subject to the following thermal boundary
conditions
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where Eq. (7c) gives the uniform heat flux boundary condi-
tion at the bottom wall of the wafer subjected to heating
and Eqs. (7a), (7b), (7d)–(7f) assume no heat loss from
the solid surfaces to the ambient surroundings at the
boundaries. It should be noted that in actual applications,
the heat loss from the solid substrate to the environment
may be substantial and would need to be considered.

A mesh of 40(x) � 45(y) � 50(z) was adopted for the
domain as shown in Fig. 1 with a non-uniform grid divi-
sion. A SIMPLE method was applied to solve Eqs. (2)
and (3) for steady, incompressible liquid flow with the
boundary condition described in Eq. (4). Detailed informa-
tion about the SIMPLE method can be found in Ref. [12].
And a line by line iteration method and a Tri-diagonal
Matrix algorithm (TDMA) method were used, along with
the Thomas algorithm and a successive under-relaxation
iterative method, to solve the energy equations (5) and
(6) with the boundary condition equation (7). The conver-
gent criterion was set as
XXX
kVði;j;kÞj� jV0ði;j;kÞk6 10�5 for the velocity

ð8ÞXXX
jT ði;j;kÞ�T 0ði;j;kÞj6 5�10�3 for the temperature

ð9Þ

The criterion for the temperature gives a mean square root
error (MSRE) of 5 � 10�8. A grid sensitivity analysis indi-
cated that the accuracy of the velocity and temperature
were dependent on the grid size and five different mesh sizes
were evaluated 10(x) � 25(y) � 15(z), 20(x) � 45(y) �
25(z), 40(x) � 45(y) � 50(z), 20(x) � 90(y) � 100(z) and
40(x) � 90(y) � 100(z). It was found that the result of
40(x) � 45(y) � 50(z) will be different from 40(x) �
90(y) � 100(z) within 2% error for global thermal resis-
tance if a MSRE of 5 � 10�8 is set for the convergence.
The results of 20(x) � 45(y) � 25(z) mesh (approximately
5% error) and 20(x) � 90(y) � 100(z) mesh (approximately
1% error) have been described previously in [10,13], respec-
tively. Compared to the mesh selection, the convergence
criterion is much more important for the accuracy of the
computations.

Fig. 2 illustrates the dependence of the convergence
value on the convergence criteria. The dashed line repre-
sents the possible temperature rise in the bulk fluid as
determined through an energy conservation analysis. The
difference between the results with a MSRE of 1 � 10�8

and that obtained for a MSRE of 5 � 10�8 is approxi-
mately 3%. To conserve computational time, an MSRE
of 5 � 10�8 was selected (even so, a single case will
consume about 3–5 h on a Pentium IV 2.8G-CPU and
2G-Memory desktop computer). Using the relatively strict
convergence conditions described in Eqs. (7) and (8), the
results were found to be consistent with both mass and
energy conservation, with a maximum total relative error
of 6%. Furthermore, the truncation error involved in the
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numerical calculations were almost the same magnitude for
all of the calculations with similar grid dimensions.

Fig. 3a gives a typical result for the developing flow in
microchannels under a pumping power of P ¼ 0:05 W in
a channel with a height of 350 lm and a width of 60 lm.
Fig. 3b shows the numerical results for a fully developed
flow assumption under the same pumping power. The
entrance length required for the formation of fully devel-
oped laminar flow is 4% of the total length, which roughly
agrees with the prediction based upon the expression devel-
oped by Langhaar for a round tube [14].

Le

Dh

¼ 0:057ReD ð10Þ

Fig. 4 shows the comparison of the temperature distri-
bution in the cross-section of a microheat sink at
z = Wpitch/2 between the full 3D numerical simulation with
Eqs. (2)–(7) and the simplified 3D numerical simulation
with a fully developed assumption under a pumping power
of P ¼ 0:05 W and a heat flux at the substrate bottom wall
of qw = 100 W/cm2. The thickness of the silicon wafer
is 450 lm and the thickness of the substrate bottom wall
is d = 100 lm. The pitch is Wpitch = 100 lm, the width is
W = 60 lm and the depth is H = 350 lm. From Fig. 4, it
is apparent that the global thermal resistance is almost
the same (with a difference less than 0.5%). It should be
noted that at the entrance region, the heat transfer is a little
higher for the full 3D numerical simulation than for the
simplified 3D simulation due to the smaller boundary layer,
as shown in Fig. 3a.

Based upon the preceding analysis, in the following opti-
mization process the fully developed flow assumption will
be adopted since: (i) under a small pumping power, the
entrance length is quite small and can be neglected; (ii)
under a small pumping power, this assumption will intro-
duce a negligible error in the global thermal resistance;
Fig. 3. Velocity profile in the cross-section of the channel at z = Wpitch/2 alo
and (iii) most importantly, this assumption will allow a
non-dimensional analysis approach feasible for the deter-
mination of the optimal geometry of the microchannel heat
sink.

2.2. Semi-normalized simplified 3D conjugate heat transfer

approach

Based upon the preceding analysis, a number of assump-
tions have been made in the following numerical optimiza-
tion process:

(i) The flow is laminar and fully developed u = u(y, z).
Thus the momentum equation for the liquid flow is
ng the
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and the energy equation for liquid becomes
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(ii) All material thermodynamic and hydrodynamic
properties are constant. This assumption makes the
non-dimensional analysis and optimal analysis in
terms of thermal resistance possible, otherwise the
results become case specific.

The detailed derivation of the semi-normalized 3D
numerical approach has been given in [10]. However, for
clarity, some of the more important processes are repeated
here.

The cross-sectional mean velocity, um, can be used as the
velocity scale, (U(y,z) = u(y,z)/um) and the Reynolds num-
ber can be defined as

ReDh
¼ umDh

t
ð13Þ
streamwise (x) direction: (a) developing flow; (b) developed flow.



Fig. 4. Comparison of temperature distribution in the cross-section of the microheat sink at z = Wpitch/2 between the full 3D numerical simulation and the
simplified 3D numerical simulation (qw = 100 W/cm2, P ¼ 0:05 W): (a) simplified 3D numerical result; (b) full 3D numerical result.

2900 J. Li, G.P. Peterson / International Journal of Heat and Mass Transfer 50 (2007) 2895–2904
Defining the Fanning friction factor as

f ¼ Dh

2qlu2
m
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ð14Þ

The partial derivative of the non-dimensional momentum
governing equation becomes

o2U
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¼ � 2

D2
h
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� f ð15Þ

where the hydraulic diameter is Dh ¼ 2HW
ðHþW Þ. It is important

to note that for fully developed, laminar flow, ReDh
� f is

constant for a specific channel geometry and thus the
non-dimensional velocity is only a function of the geometry
of the channel. As indicated in [4,14,15] for fully developed
laminar flow, Knight et al. [4] determined that

ReDh
� f ¼ c ð16aÞ

c ¼ 4:70þ 19:64G ð16bÞ

G ¼ H 2 þ W 2
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¼ a2 þ 1
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where a is the aspect ratio of the channel, a = H/W. Eqs.
(16a)–(16c) agree with the exact values provided in the lit-
erature [15] within ±3%. Thus Eq. (15) can be solved for
any specific geometry.

With the aid of Eq. (16a) and the definition of the
Fanning friction factor, Eq. (14), the mean velocity um

can be described as

um ¼
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Substituting Eq. (1) into Eq. (17),
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P has an order of magnitude of 0.001–1 W for the realistic
situation (corresponding to DP = 1 kPa–1 � 103 kPa). In
order to guarantee fully developed laminar flow,
P ¼ 0:05 W was chosen in the current investigation.



J. Li, G.P. Peterson / International Journal of Heat and Mass Transfer 50 (2007) 2895–2904 2901
If the following notation is adopted, b = W/Wpitch, and
with the aid of the notation for a, Eq. (13) becomes (here
Lx = Lz)

ReDh
¼ 2abLz

N � tlðaþ 1Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2a

cllNLx
P

s
ð19Þ

By introducing the following non-dimensional tempera-
ture definition, hðx; y; zÞ ¼ kl

W pitch �qw
½T ðx; y; zÞ � T l;in�, from

the derivation, the semi-normalized energy equations can
be described as
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and the boundary condition described in Eq. (7a) becomes

x ¼ 0; if ðy; zÞ 2 channel hl ¼ 0; else � ohw

ox
¼ 0 ð22aÞ

and in Eq. (7c) becomes
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The other boundary conditions are the same, except that
the temperature, T, is replaced by the dimensionless tem-
perature, h, in Eqs. (7b), (7d)–(7g). Thus, all of the govern-
ing equations (15) and (20), (21), and all of the boundary
conditions are only a function of the dimensionless param-
eters, a, b, and N, and the pumping power, P . With the
boundary conditions of Eq. (22), Eqs. (15) and (20), (21)
can be solved numerically. The required solution procedure
can be summarized as follows:

(1) First, for a given channel number, N, the mean veloc-
ity um and the Re number can be obtained from Eqs.
(18) and (19), and the dimensionless 2D velocity
profiles can be obtained from Eq. (15), for different
values of a and b;

(2) Then, the dimensionless energy equations, Eqs. (20)
and (21), can be solved for different values of a, b
and Re.
3. Results and discussion

A series of numerical calculations of the dimensionless
temperature distribution in a heat sink are developed in
this section. The numerical calculations were carried out
for the following hydrodynamic conditions, P ¼ 0:05 W,
and for a fixed total dimension of the heat sink,
10 mm � (2 � Twafer) � 10 mm (Lx � Ly � Lz).

For design purposes, the global thermal resistance is of
the greatest interest and hence, the following classical defi-
nition of the thermal resistance was used and was written as

RT ¼
maxðT wÞ � T l;in

qwLxLz
ð22Þ
Using the definition for the non-dimensional temperature,
the thermal resistance can also be expressed as

Rh ¼
maxðhwÞ
N � Lx � kl

ð23Þ

which is a function of only the maximum dimensionless
temperature at the bottom surface of the substrate and
the number of the channels (here the length of the heat sink
and the thermal properties of the liquid are constant). Min-
imization of this quantity will lead to an optimal design of
the heat sink. It should be noted that Eq. (23) does not nec-
essarily imply that the more channels fabricated, the smal-
ler the thermal resistance, because of the effect of the other
parameters.

Fig. 5a–d, present the values of the global thermal resis-
tance for the channel heights, H of 350 lm, 500 lm 700 lm
and 900 lm with variations in the number of channels per
centimeter and variation of the value of b. The lowest ther-
mal resistance was found at approximately N = 120 and
b = W/Wpitch = 0.7; N = 100 and b = W/Wpitch = 0.7;
N = 100 and b = W/Wpitch = 0.6; and N = 80 and b = W/
Wpitch = 0.6, respectively, which results in approximately
0.162, 0.144, 0.136, and 0.152, respectively, for P ¼ 0:05 W.

Fig. 6 presents a comprehensive comparison among the
lowest values of the global thermal resistance for different
channel heights. The optimal structure was found at
approximately N = 100 and b = W/Wpitch = 0.6 and
a = H/W = 12 for P ¼ 0:05 W.

The reasons for these differences are primarily due to the
following aspects. From a detailed inspection of the ther-
mal resistance, Eq. (23) can be rewritten as

Rh ¼
maxðhw � hl;x¼Lx þ hl;x¼LxÞ

N � Lx � kl

¼ Dhx¼Lx

N � Lx � kl

þ hl;x¼Lx

N � Lx � kl

ð24Þ

The first term on the right hand side of the above equation
is related to the substrate conduction thermal resistance and
the second term is the convection thermal resistance. Basi-
cally, since the thermal conductivity in the silicon is high
compared to the value for water, the second term will play
a more dominant role in the overall thermal resistance. The
convection thermal resistance is related to /1/(A � h) [2],
where A is the total peripheral area of the microchannel
A = Lx(2H + 2W) and h is the convective heat transfer
coefficient (h is a function of the mean velocity if all of
the other parameters are the same, e.g. the geometry
of the channel and the properties of the fluid). If the effect
of the conduction resistance on the overall thermal resis-
tance is considered, the different gradients of these curves
as shown in Fig. 5a–d, are completely understandable and
quite reasonable. The optimal resistance is primarily a com-
promise between the heat transfer area of the liquid flow,
the heat conduction in the substrate and the flow friction.

In order to validate the numerical results of the present
study with the existing experimental results available in the



Fig. 5. Comparison of the global thermal resistance for different configurations with variations of number of channels given the height of channel
H = 350 lm (a), 500 lm (b), 700 lm (c), 900 lm (d).
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literature, a series of numerical simulations have been done
with the optimized microheat sink to determine the perfor-
mance of the optimized microheat sink for different pump-
ing powers. Fig. 7 illustrates the temperature distribution
in the optimized microheat sink under a heat flux of
1000 W/cm2 and a pumping power of 2 W (which was
the highest pumping power used in the investigation of
Tuckerman and Pease [2]), and Fig. 8 shows the average
temperature of the bulk liquid and the substrate wall along
the streamline direction (x-direction). The average temper-
atures can be defined as
T wðxÞ ¼
Pn

k¼1T wði; j ¼ 1; kÞ
n

for the bottom wall ð25Þ

T lðxÞ ¼
PP

qluði; j; kÞCP T lði; j; kÞDyDzjðj;kÞ2Channel

_mCP

for the bulk liquid ð26Þ



Fig. 6. Comparison of the lowest thermal resistance for the different
heights of the channel under the pumping power P ¼ 0:05 W.

Fig. 8. The variations of the averaged temperature of the bulk liquid and
the substrate bottom wall along the streamwise direction for the case as
shown in Fig. 7.
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The difference between the highest temperature on the
bottom wall and the lowest value of the bulk liquid is
nearly equal to the junction temperature difference. Here,
the inlet temperature of the liquid was assumed to be
20 �C and the difference in the bottom wall temperature
along the z-direction was not significant, due to the high
thermal conductivity of silicon. The value obtained if this
temperature difference is divided by the heat flux yields
the global thermal resistance (or junction thermal resis-
tance). From Fig. 8, a low thermal resistance of 0.068 is
obtained.
Fig. 7. Temperature distribution in the optimized mic
Fig. 9 illustrates the comparison between the numerical
results for the optimized microheat sink and the experimen-
tal results of Tuckerman and Pease [2] with the respective
geometric configurations under different pumping powers.
In Fig. 9, Curve 1 shows the numerical results for the opti-
mal microheat sink (H = 700 lm, W = 60 lm, Wpitch =
100 lm, and d = 100 lm fabricated on two 450 lm silicon
wafers bonded together by direct bonding method with
double side alignment), and Curve 2 shows the numerical
results for the configuration utilized by Tuckerman and
Pease, i.e., H = 300 lm, W = 50 lm, Wpitch = 100 lm,
roheat sink for qw = 1000 W/cm2 and P ¼ 2:0 W.



Fig. 9. The relationship between the thermal resistance and the pumping
power for the optimized heat sink and the comparison between the
numerical calculations and the experimental results of Tuckerman and
Pease [2].
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d = 100 lm, fabricated on a 400 lm silicon wafer anodically
bonded with a Pyrex glass cover, with the full 3D numerical
method, where the stars represent the Tuckerman and Pease
experimental results. If the numerical solution error dis-
cussed previously of 6% is used and the experimental uncer-
tainties are considered, the present numerical approach
shows good agreement with the experimental data. From
the comparisons among the calculations and experiments,
it is obvious that the heat transfer performance with the
optimal geometry obtained in this study is improved notice-
ably above the Tuckerman and Peace’s configurations with
an averaged improvement more than 20%.

4. Concluding remarks

In the preceding analysis, a full 3D numerical simulation
for fluid flow and heat transfer in parallel microchannel
heat sink was developed and used to evaluate and determine
the optimal geometric conditions. The results indicate that
for relatively low pumping powers, the fully developed flow
assumption will introduce a very small and negligible error
in the global thermal resistance calculation. The numerical
model was validated by comparison with existing experi-
mental data available in the literature and the resulting par-
tially dimensionless, simplified 3D numerical approach for
a low pumping power situation was used to determine the
dimensionless temperature and the global thermal resis-
tance of the microheat sink. By optimizing the geometry,
based upon the minimized thermal resistance, the preferred
geometry of the microheat sink for a pumping power of
0.05 W was determined to be N = 100/cm (or Wpitch �
100 lm) and a ratio of b = W/Wpitch = 0.6 (or W � 60 lm)
with an aspect ratio of a = H/W � 12 (or H � 700 lm).
The 3D analysis performed here provides a full under-
standing of the effects of the geometry of the channel on
the heat transfer capacity of these types of heat sinks.
Through a detailed comparison with the published bench-
mark experimental data, improvements in the heat transfer
performance using an optimal geometry were found to be
significant and not limited by current fabrications restric-
tions as previously hypothesized. The results are applicable
in a wide variety of applications with specific application to
the microelectronics industry.
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