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In this study, fluid flow and heat transfer in microchannel heat sinks are numerically investigated. The
three-dimensional governing equations for both fluid flow and heat transfer are solved using the finite-
volume scheme. The computational domain is taken as the entire heat sink including the inlet/outlet
ports, inlet/outlet plenums, and microchannels. The particular focus of this study is the inlet/outlet
arrangement effects on the fluid flow and heat transfer inside the heat sinks.
The microchannel heat sinks with various inlet/outlet arrangements are investigated in this study. All
of the geometric dimensions of these heat sinks are the same except the inlet/outlet locations. Because
of the difference in inlet/outlet arrangements, the resultant flow fields and temperature distributions
inside these heat sinks are also different under a given pressure drop across the heat sink. Using the
averaged velocities and fluid temperatures in each channel to quantify the fluid flow and temperature
maldistributions, it is found that better uniformities in velocity and temperature can be found in the
heat sinks having coolant supply and collection vertically via inlet/outlet ports opened on the heat sink
cover plate. Using the thermal resistance, overall heat transfer coefficient and pressure drop coefficient to
quantify the heat sink performance, it is also found these heat sinks have better performance among the
heat sinks studied. Based on the results from this study, it is suggested that better heat sink performance
can be achieved when the coolant is supplied and collected vertically.

© 2008 Elsevier Masson SAS. All rights reserved.
1. Introduction

With the advancements in computing technology in the past
few decades, electronics have become faster, smaller and more
powerful. This results in an ever-increasing heat generation rate
from electronic devices. In most cases, the chips are cooled
through forced air flow. However, when dealing with compo-
nents that contain billions of transistors working at high frequency,
the temperature can reach a critical level where standard cooling
methods are not sufficient. In addition to high-performance elec-
tronic chips, high heat flux removal is also required in devices such
as laser diode arrays and high-energy mirrors. In the past two
decades, many cooling technologies have been pursued to meet
the requirements of high heat dissipation rate and maintaining a
low junction temperature. Among these efforts, the microchannel
heat sink has received much attention because of its ability to pro-
duce high heat transfer coefficient, its’ small size and volume per
heat load, and small coolant requirements. Recent progress in the
development of microchannel heat sinks is provided by Kandlikar
and Grande [1].
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A microchannel heat sink typically contains a large number of
parallel microchannels with a hydraulic diameter ranging from 10
to 1000 μm. Coolant is forced to pass through these channels to
carry the heat away from a hot surface. The heat sink cooling con-
cept was first proposed for electronic cooling by Tuckerman and
Pease [2]. Since then, microchannel heat sink performance using
different substrate materials and channel dimensions have been
studied extensively in the past two decades. These studies can be
categorized into theoretical [3–6], numerical [7–11], and experi-
mental approaches [12–16]. In the theoretical approach, the main
objective is to develop design schemes that can be used to op-
timize microchannel heat sink performance. Most studies in this
approach employed the classical fin theory which models the solid
walls separating microchannels as the thin fins. The heat transfer
process is simplified as one-dimensional, constant convection heat
transfer coefficient and uniform fluid temperature. However, the
nature of the heat transfer process in a microchannel heat sink is
conjugated heat conduction in the solid wall and convection to the
cooling fluid. The simplifications used in the theoretical approach
usually under- or over predict the microchannel heat sink perfor-
mance.

Although experimental studies have been carried out exten-
sively in the past, it is often difficult to employ conventional mea-
surement techniques with microchannel heat sinks to extract data
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Nomenclature

cp specific heat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J kg−1 K−1

Dh hydraulic diameter of the channel . . . . . . . . . . . . . . . . . m
Hch depth of the microchannel . . . . . . . . . . . . . . . . . . . . . . . . . m
F heat sink pressure drop coefficient . . . . . . . . . . . . . . m−4

h̄ overall heat transfer coefficient of heat
sink . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W m−2 K−1

Hhs depth of heat sink . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Hch depth of microchannel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
k fluid thermal conductivity . . . . . . . . . . . . . . . . W m−1 K−1

ks solid fluid thermal conductivity . . . . . . . . . . W m−1 K−1

Lch length of microchannel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Lhs length of heat sink . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
ṁ mass flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg sec−1

Nu overall Nusselt number of heat sink
p pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kPa
�pin,1 pressure drop from inlet port to inlet plenum . . . kPa
�pin,2 pressure drop at the channel inlet . . . . . . . . . . . . . . . . kPa
�pch pressure drop across the channel . . . . . . . . . . . . . . . . . kPa
�pex,1 pressure drop from channel exit to the outlet

plenum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kPa
�pex,2 pressure drop from the outlet plenum to the outlet

port . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kPa
Pr fluid Prandtl number
Q fluid flow rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m3 sec−1

Q flow heat absorbed by fluid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
qw heat flux at microchannel heat sink base

plate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W m−2

Rth heat sink thermal resistance . . . . . . . . . . . . . . . . . . . K W−1

ReDh Reynolds number based on hydraulic diameter
xfd,t thermal entrance length . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
T fluid phase temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
Ths,ave averaged temperature of the entire heat sink solid

part . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
Tave averaged fluid temperature in the heat sink . . . . . . . . K
Tb fluid bulk temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
Ts microchannel heat sink solid temperature . . . . . . . . . . K
T in fluid inlet temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
T̄ w local averaged microchannel wall temperature . . . . . K
�V fluid velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m sec−1

Tout fluid outlet temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
V̇ coolant volumetric flow rate . . . . . . . . . . . . . . . . . mL/min
Wch width of microchannel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Wfin width of microchannel wall . . . . . . . . . . . . . . . . . . . . . . . . m
Whs width of the heat sink . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

μ viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−1 sec−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3
that are important to characterizing the fluid flow and heat trans-
fer such as local fluid and wall temperature distributions. For this
reason, numerical simulation becomes a necessary tool that of-
fers more quantitative insight into the transport process in the
microchannel heat sink. In the numerical simulation, conventional
equations governing the fluid flow and heat transfer are assumed
to be still valid in the micro-scale dimension. The conjugate heat
transfer process between the fluid and solid wall is included. Fe-
dorov and Viskanta [7] numerically analyzed three-dimensional
conjugate heat transfer in a microchannel heat sink without the
hydrodynamic and thermal fully developed flow assumptions. They
obtained very complicated heat transfer pattern characterized by
a nearly uniform microchannel wall temperature and the negative
local heat transfer at the channel corners. Ambatipudi and Rahman
[8] performed numerical simulations for conjugate heat transfer
in microchannel heat sink by varying the channel depth, channel
width, number of channel, and flow rate. They found that perfor-
mance of heat sink can be enhanced by increasing the number of
channels in the heat sink and the flow rate through the heat sink.

Li et al. [9] presented a detailed numerical study of a forced
convection heat transfer occurring in a silicon-based microchan-
nel heat sink using simplified three-dimensional conjugated heat
transfer model. Detailed influences of the geometric channel pa-
rameters and thermo-physical fluid properties on the heat transfer
characteristics were examined. They indicated that the thermo-
physical properties of the fluid can significantly influence both
the flow and heat transfer in a microchannel heat sink. Extending
this study, Li and Peterson [10] employed the numerical simulation
to optimize the microchannel heat sink geometry under constant
pumping power condition. They found that both the physical ge-
ometry of the microchannel and the thermo-physical properties
of the substrate are important parameters in the design and op-
timization of the microchannel heat sink. Qu and Mudawar [11,12]
investigated the pressure drop and heat transfer in a single-phase
microchannel heat sink both numerically and experimentally. In
their numerical simulation, the heat transfer characteristics were
obtained by solving the conjugate heat transfer problem involv-
ing simultaneous determination of the temperature field in both
solid and fluid regions. They compared the numerical results with
the experimentally measured data and showed good agreement in
pressure drop across the microchannel heat sink and local fluid
and wall temperature variations.

Experimental and numerical analysis of the effect of axial con-
duction on the heat transfer in microchannel heat sink with tri-
angular microchannels were performed by Tiselj et al. [13]. They
pointed out that the bulk water and heated wall temperatures did
not change linearly along the channel. In the study of Lee et al.
[14], experiments were conducted to explore the validity of classi-
cal correlations based on conventional sized channels for predict-
ing the thermal behavior in single-phase flow through rectangular
microchannels. A numerical simulation were also carried out and
compared with the experimental data. They pointed out that both
fluid flow and heat transfer are in developing regime and cannot
be neglected in the analysis.

In the numerical simulations mentioned above, the computa-
tion domain consists of only a single channel and the correspond-
ing slice of wall with symmetrical boundary conditions. This kind
of computational domain is referred to as the reduced model in
the study of Tiselj et al. [13]. As pointed out by Tiselj et al. [13] and
Hetsroni et al. [15], complete domain including geometric config-
urations of the inlet/outlet, microchannel and heat sink base plate
should be included in the simulation in order to obtain results that
agree with the experimental data. That is, the entire microchannel
heat sink should be used as the computation domain instead of a
single unit cell.

In practical situations, the fluid supplied to and collected from
the microchannel heat sink are via the inlet and outlet. There are
many ways to arrange the inlet/outlet locations for the heat sink.
The inlet/outlet arrangement is expected to affect the fluid flow
and heat transfer characteristics inside the heat sink. Detailed un-
derstanding of the inlet/outlet arrangement effect on the heat sink
performance is required to enhance the heat sink performance. In
this study, fluid flow and heat transfer in microchannel heat sinks
with different inlet/outlet arrangements are numerically analyzed
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Fig. 1. Geometric configuration of I-type microchannel heat sink.

Fig. 2. Heat sink microchannel dimensions.

with computational domain including the entire microchannel heat
sink. This work intends to obtain the overall information on the
fluid flow and heat transfer when a microchannel heat sink is op-
erated.

2. Microchannel heat sink geometric configurations

The geometric configuration of one of the microchannel heat
sinks to be studied is shown in Figs. 1 and 2. The size of mi-
crochannel heat sink is fixed with Whs = 6.2 mm, Lhs = 18 mm,
and Hhs = 0.5 mm. The electronic chip that has heat generation is
assumed directly attached to the base plate of the heat sink. It is
noted that the base area of the microchannel heat sink is about the
same as the CPU chip that used in the computer. The microchannel
has a rectangular cross section with dimensions of Wch = 200 μm,
Lch = 10 mm, and Hch = 400 μm. The wall thickness that separates
the channels is set equal to the channel width, i.e., Wch = Wfin. Be-
cause of fixed value of Whs, 11 channels are allowed since enough
heat sink edge width is required for bonding a cover plate on the
top to form the closed fluid flow passages. As shown in Fig. 1, the
width of the heat sink edge is set equal to 1 mm. For the conve-
nience of discussion, the channels are numbered from left to right
of the heat sink as indicated in Fig. 2.

At the ends of microchannels, inlet and outlet plenums with
width of 4.2 mm and length 3 mm are designed for distributing
the fluid flow into and collecting fluid flowing out of the mi-
crochannels. The depth of the plenums is the same as that of the
channel. By denoting the heat sink sidewalls as E-, W-, N-, and
S-walls as shown in Fig. 1, the inlet and outlet can be located at
one of the sidewalls that forming the inlet/outlet plenums. They
can also be located on the cover plate in the regions near the
inlet/outlet plenums. As shown in Fig. 1, the inlet and outlet are
located at the centers of N- and S-walls with length of 1.8 mm.
Since the overall shape of heat sink with the inlet/outlet arrange-
Fig. 3. Geometric configurations of D-, N-, S-, U-, and V-type microchannel heat
sinks.

ment shown in Fig. 1 looks like the letter I, it is therefore referred
to as the I-type heat sink in this study.

The inlet/outlet arrangement is expected to affect both the fluid
flow and heat transfer in the heat sink. In this study, five other
types of heat sinks shown in Fig. 3 are designed to investigate
the effects of inlet/outlet arrangements on the fluid flow and heat
transfer in the heat sinks. In these five types of heat sinks, all the
geometric dimensions are the same as those shown in Fig. 1 ex-
cept for the inlet/outlet locations. The arrows are used to indicate
the flow direction at the inlet of the heat sinks. Based on the over-
all shape of heat sink, they are referred to as N-, D-, S-, U-, and
V-type heat sink. In N-type heat sink, inlet and outlet are moved
from the centers of the plenum sidewalls to the edges of the heat
sink compared with the I-type heat sink. In the D-type heat sink,
both the inlet and outlet are located at the center of the E-walls on
the inlet/outlet plenums. In the S-type heat sink, the inlet is moved
to the W-wall of the inlet plenum compared with the D-type heat
sink. In the U-type heat sink, the inlet and outlet open on the top
cover plate. The inlet/outlet geometric dimensions with width of
1 mm and length of 1.8 mm are the same as those in Fig. 1 and
located right at the central areas of the inlet/outlet plenums. The
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V-type heat sink is modified from the U-type heat sink by shifting
the inlet/outlet centers with a distance of 0.6 mm toward the W-
and E-walls, respectively. With this shifting, the inlet and outlet
are located close to the heat sink sidewalls compared with the U-
type heat sink. Note that in I-, N-, D-, and S-type heat sinks, fluid
flow is supplied and collected horizontally while fluid is supplied
and collected vertically in the U- and V-type heat sinks. Using the
silicon as material, all the heat sink designs shown in Fig. 3 can
be fabricated by etching and anodic bonding techniques. The heat
sinks with vertical inlet/outlet design would be easier to imple-
ment in the experimental measurement and practical application
since they are easier to connect to the fluid supply system.

In this study, we focus on the heat sink inlet/outlet arrange-
ment effect on the fluid flow and heat transfer. The geometric
dimensions of the heat sink and channel are fixed. Note that the
microchannel number and cross section can be varied by vary-
ing the channel width and depth. When the channel width is
decreased, number of channels can be increased. However, more
computational effort is required since denser grids are needed.

3. Governing equations

To focus on the effect due to the inlet/outlet arrangement on
the heat sink performance, the following assumptions are made:

(1) Both fluid flow and heat transfer are in steady-state and three-
dimensional.

(2) Fluid is in single phase and flow is laminar.
(3) Properties of both fluid and heat sink material are temperature-

independent.
(4) All the surfaces of heat sink exposed to the surroundings are

assumed to be insulated except the base plate of heat sink
where constant heat flux simulating the heat generation from
electronic chip is specified.

Based on above assumptions, the governing equations for fluid and
energy transport are

Fluid flow:

∇ · �V = 0 (1)

ρ( �V · ∇ �V ) = −∇p + μ∇2 �V (2)

Energy in fluid flow:

ρcp( �V · ∇T ) = k∇2T (3)

Energy in heat sink solid part:

ks∇2Ts = 0 (4)

The boundary conditions for these equations are related to the
heat sink operating conditions. In practical applications, heat sink
is attached to a heat generation source such as electronic chip to
receive heat and dissipate it by fluid flow through the heat sink.
The fluid with given temperature and flow rate is supplied by an
external pump. The pressure drop across the heat sink can be mea-
sured by a pressure transducer connected at the inlet and out of
the heat sink. Since pressure drop is related to flow rate, either
flow rate or pressure drop can be specified in the numerical simu-
lation. In this study, specifying pressure drop is adopted based on
the study of Li et al. [9]. That is, fluid is pumped into the heat sink
with a given pressure at the inlet. The inlet pressure must be high
enough to overcome the pressure losses when the heat sink is un-
der operation. Based on the operating conditions described above,
the boundary conditions for the governing equations are given as,
Fig. 4. Comparison of fluid temperature along #11 channel in I-type heat sink using
three different grids.

Inlet:

p = pin, T = T in (5a)

Outlet:

p = pout,
∂T

∂n
= 0 (5b)

Fluid–solid interface:

�V = 0, T = Ts, −ks
∂Ts

∂n
= −k

∂T

∂n
(5c)

At the base plate:

qw = −ks
∂Ts

∂n
(5d)

In Eq. (5), pin and T in are the fluid inlet pressure and temperature,
respectively, pout is the pressure at the outlet, nis the direction
normal to the wall or the outlet plane, and qw is the heat flux
applied at the base plate of the heat sink. The pressure drop across
the heat sink is defined as �p = pin − pout.

4. Numerical parameters and procedures

Before the numerical computations, several numerical parame-
ters must be specified in advance. The heat sink material is silicon
and the working fluid is deionized water. The inlet water temper-
ature is fixed at 293 K. The pressure drop across the heat sink is
chosen in the range of 25 to 50 kPa. The heat flux qw applied at
the heat sink base plate is fixed at 100 W/cm2. The properties of
water and solid used in the computation are ρ = 1000 kg/m3, cp =
4182 J/kg K, μ = 0.001 kg/ms, k = 0.6 W/m K, and ks = 148 W/m K.

A general-purpose finite volume based CFD software Fluent
v.6.2 is employed to carry out the computation [17]. Computational
cells with 2.5 × 105, 53 × 105 and 97 × 105 grids are used to test
the grid dependence of the solution. In Fig. 4, the water bulk tem-
perature variations along the #11 channel in the I-type heat sink
are shown using the three grid systems under �p = 50 kPa. It
is seen that almost identical results are predicted when 53 × 105

and 97 × 105 grids are used. Based on the results shown in Fig. 4,
a computational cell with 53 × 105 grids as shown in Fig. 5 is
employed throughout the computation in this study. The energy
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Fig. 5. Computational grids used in the computation.

balance between heat absorbed by water flow Q flow and the to-
tal heat rate applied to the heat sink and local Nusselt number
variation along the channel Nu(x) can also be used to further en-
sure the accuracy of the computation. These two quantities can be
computed from the following expressions,

Q flow = ṁcp(Tout − T in) (6)

Nu(x) = h(x)Dh

k
= qw Dh

k(T̄ w − Tb)
(7)

Where ṁ is the mass flow rate flowing through the heat sink,
h(x) is the local heat transfer coefficient, T̄ w is the local averaged
microchannel wall temperature, Tb is the local fluid bulk tempera-
ture, and Dh is the hydraulic diameter of the channel defined as

Dh = 2Wch Hch

Wch + Hch
(8)

In Table 1, the percentage of relative differences between the ap-
plied heat rate to the heat sink and heat absorbed by water are
shown for six types of heat sinks studied under �p = 50 kPa.
It is found the maximum relative difference is within 6% indicat-
ing that the chosen computation grid produces acceptable results.
It is noted that this error is due to the numerical discretization
and constant properties assumption for both fluid and solid. Al-
though the error may be further reduced by using finer grid size
and taking the temperature-dependent properties for both water
and silicon into account, the computation effort increases tremen-
dously. In Fig. 6, the computed Nusselt number along the #5 chan-
nel of I-type heat sink is compared with the theoretical correlation
given by Phillips [18] with three-side heating correction. It is seen
that the computed and theoretical results are in good agreement.
The results shown in Fig. 6 indicate that the heat transfer in mi-
crochannel takes place in the thermally developing regime. This
can be verified through the calculation of the thermal entrance
length xfd,t using the following approximation [19]

xfd,t = 0.005DhReDh Pr (9)

Where ReDh is the Reynolds number based on Dh , Pr is the Prandtl
number. As will be discussed later, the averaged fluid velocity in
Table 1
Comparison of heat absorbed by fluid and total heat rate applied to heat sinks.

I N D S U V

Q flow (W) 105 107 106 106 107 107

| Q flow−qw Whs Lhs
qw Whs Lhs

| × 100% 5.4 3.6 4.5 4.5 3.6 3.6

Fig. 6. Comparison of computed and theoretical local Nusselt number variation
along the #5 channel in I-type heat sink. �p = 50 kPa.

this channel is equal to 5 m/sec. The Reynolds number based on
the averaged velocity and channel hydraulic diameter is 1333. The
computed xfd,t using Eq. (9) is about 74 mm which is greater than
the microchannel length of 10 mm employed in this study.

5. Results and discussion

5.1. Flow field

In Fig. 7, the typical overall flow field feature in the six types
of heat sinks studied are shown for �p = 50 kPa. The velocity
vectors taken at the mid-plane of the heat sink are employed to
represent the flow fields. As shown in Fig. 7, there exist recircula-
tion zones at the corners of inlet/outlet plenums in the I-, N-, D-,
and S-type heat sinks. The size and location of the recirculation
zones depend on the inlet/outlet location. In these heat sinks, fluid
is supplied to and leaves the heat sinks horizontally from different
inlet/outlet locations. Fundamentally, the flow fields in these heat
sinks are similar to the cavity flow having different inlet/outlet lo-
cations without microchannels [20,21]. In such flow field, existence
of recirculation zones at the corners of cavity is expected. In the U-
and V-type heat sink, the fluid is supplied and leaves the heat sink
vertically. At the inlet plenum, it looks more like a jet impinging
on the bottom wall of the inlet plenum. Because of the small ver-
tical dimension of plenum, no recirculation zone appeared in the
inlet/outlet plenums for these two types of heat sinks.

The flow pattern at the inlet plenum certainly affects the fluid
velocity at the entrance of the microchannels. This referred to as
the velocity maldistribution [22,23]. To address this point, we com-
pute the averaged velocity in each channel of the heat sinks and
the results are shown in Fig. 8. In Fig. 8, averaged velocities in
each channel are shown for various pressure drops. The velocity
magnitude decreases with the decrease in pressure drop but the
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Fig. 7. Flow fields of microchannel heat sinks represented by velocity vectors at the mid-plane of heat sinks. �p = 50 kPa.
variation trends are the same in each type of heat sink. This is be-
cause small pressure drop corresponds to small flow rate driven
into the heat sink. Because of the difference of the flow patterns
in the inlet plenums, averaged velocity in each channel is differ-
ent under a given pressure drop. For I- and N-type heat sinks,
the channels located right opposite to the inlet would have higher
averaged velocities as expected. The averaged velocities for other
channels are seen to decrease depending on their distances from
the inlet. Because of symmetry, the velocity distribution for I-type
heat sink is symmetrical with respect to the centerline of the heat
sink. For D-type heat sink, the lowest and highest averaged ve-
locities occur in #1 and #3 channels, respectively. The velocities
in other channels have a fairly constant value. In the S-type heat
sink, it is interesting to point out that the highest averaged ve-
locity occurs at #1 channel instead of #9 channel as would be
predicted in the D-type heat sink. The reason for this observa-
tion is because the outlet produces a suction effect that results
in increasing velocity in #1 channel. It is also seen that #11 chan-
nel in S-type heat sink has the lowest averaged velocity among
the six types of heat sinks studied under a given pressure drop.
In the U-type heat sink, the incoming fluid flow impinges on the
bottom wall and spreads out all around the inlet plenum. Due to
the flow is confined by the plenum sidewalls, flow hitting on the
sidewalls will bounce back and re-direct into the channels. As a
result, higher fluid flow velocities can be found in the channels
near the inlet portion (#6 channel) and near the sidewalls (#1
and #11 channels). The lowest fluid velocities occur at #3 and
#9 channels since they receive less rebounded flow from sidewalls
and inlet portion as compared to other channels. Due to geomet-
ric symmetry, averaged velocity distribution in U-type heat sink
is symmetrical with respect to the centerline of the heat sink.
In V-type heat sink, the jet impingement is moved to a location
near the edge of heat sink, higher fluid velocities can be found
for channels located near the inlet portion (#8, #9, and #10 chan-
nels) and in the region near the edge of heat sink (#1 channel).
The lowest fluid velocity occurs at #5 channel since its location
has longest distance from the inlet and sidewall. Based on the re-
sults shown in Fig. 8, it is seen that better flow velocity uniformity
can be obtained in the U- and V-type heat sinks. The flow uni-
formity directly affects the temperature distribution of the entire
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Fig. 8. Averaged velocity in each channel of microchannel heat sinks as function of pressure drops.
heat sink and consequently the heat sink performance which will
be discussed below.

From Fig. 8, it is seen that the velocity is in the range of 2 to 5
m/sec for the chosen pressure range. The corresponding Reynolds
number is from 530 to 1330 based on channel hydraulic diameter.
This validates the assumption of laminar flow in the heat sink. For
higher pressure drops, the laminar flow assumption may become
invalid due to the increase in Reynolds number.
5.2. Temperature distributions

The temperature distributions of the solid part of the heat sinks
corresponding to Fig. 7 are presented in Fig. 9. For all six types
of heat sink studied, it is found that the high temperature region
occurs at the edge of the heat sinks since there is no heat dissi-
pation by fluid convection. The low-temperature region occurs in
the region where microchannels are placed, especially at the en-
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Fig. 9. Temperature distribution of the solid part of microchannel heat sinks. �p = 50 kPa.
trance regions of the channels. The reason for this result is clearly
due to the high heat transfer coefficient in the entrance zone of
the microchannels. It is known that both hydrodynamic and ther-
mal entry lengths depend on the fluid flow Reynolds number. In
Fig. 8, we have demonstrated the maldistribution of fluid veloci-
ties in each channel due to the different inlet/outlet arrangement,
it is then expected that both the hydrodynamic and thermal entry
lengths would be different in each channel. As a result, the non-
uniform temperature distribution in the heat sink is expected and
depends on the inlet/outlet locations.

In the heat sink operation, coolant flow is used to dissipate heat
away by convection. It is therefore also necessary to understand
the fluid temperature variations subject to the effect of inlet/outlet
arrangement. To address this point, the averaged fluid tempera-
tures in each channel are shown in Fig. 10. It is clearly seen that
when fluid velocity in channel is low, higher averaged fluid tem-
perature is resulted. The simple theory regarding the heat transfer
characteristics in a channel subject to constant heat flux can be
used to explain this observation. As the fluid velocity in chan-
nel is low, fluid temperature would be increase in order to carry
specified heat flux away. It is also noted that all the temperature
profiles shown in Fig. 10 indicates that the lower averaged temper-
atures occur in the channels located near the center of the heat
sink. For fluids in channels close to the edge of heat sink, higher
fluid temperatures are observed due to the heat transfer from the
high-temperature edge of the heat sink.

In the experimental study, the temperature at the base plate
of heat sink is usually measured to quantify the performance of
the heat sink. It is usually difficult to measure the base plate tem-
perature distribution since it is bonded with the chip surface or
the heat spreader. By taking the advantage of numerical simula-
tion, temperature distribution on the heat sink base plate can be
easily obtained. In Fig. 11, the temperatures on the base plates of
six types of heat sink studied are presented to realize their dis-
tributions. For all six heat sinks, it is found that the maximum
temperature which used to quantify the thermal resistance of heat
sink always occurs at the corners of the heat sinks while minimum
temperature occurs in the region near the microchannel entrance
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Fig. 10. Averaged fluid temperature in each channel of microchannel heat sinks as function of pressure drops.
zones. Based on the results shown in Figs. 10 and 11, it is seen that
U-, V-type heat sinks have better surface temperature uniformity
as compared to I-, N-, S-, and D-type heat sinks.

5.3. Overall heat sink thermal resistance

In this study, the overall heat sink performance is determined
by three parameters, the thermal resistance, overall heat transfer
coefficient and pressure drop coefficient. The heat sink thermal re-
sistance is defined as,

Rth = T w max − T in

qw WhsLhs
(10)

Where T w max is maximum temperature of the heat sink base
plate. Using this definition, Rth for each type of heat sink as a
function of pressure drop is computed and shown in Fig. 12. It is
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Fig. 11. Temperature distributions of the base plates of microchannel heat sink. �p = 50 kPa.
found that the heat sink thermal resistance decreases with the in-
crease in pressure drop. Since the flow rate is proportional to the
pressure drop increase, it implies that lower heat sink thermal re-
sistance can be achieved under higher pressure drop and flow rate.
However, the bonding strength of the cover plate usually sets the
limit for the pressure drop. Based on results shown in Fig. 12, it
is seen that the V-type heat sink has the best performance while
S-type has the worst performance among the heat sinks studied.

The heat sink overall heat transfer coefficient is defined as,

Nu = h̄Dh/k (11)

h̄ = qW /(Ths,ave − Tave) (12)

where Ths,ave and Tave are the overall averaged temperatures of
both heat sink and coolant, respectively. Ths,ave is computed by
summing temperatures at solid grids and divided by the total solid
grid number. It may be thought as the volume averaged tempera-
ture of the solid part of the heat sink. Tave is computed in similar
way as that of Ths,ave. As shown in Fig. 13, the V-type heat sink
has highest heat transfer coefficient which is in consistent with
the results shown in Fig. 12 for the thermal resistance.

In heat sink operation, pressure drop across the heat sink is
one of important factors that determine heat sink performance.
The coolant pressure at the heat sink inlet must be high enough
to overcome all the pressure losses occurred inside the heat sink
which can be expressed as,

�p = �pin,1 + �pin,2 + �pch + �pex,1 + �pex,2 (13)

where �pin,1, �pin,2, �pch, �pex,1 and �pex,2 are the pressure
drops from inlet port to inlet plenum due to flow sudden expan-
sion, from inlet plenum to channel inlets due to flow contraction,
from channel inlet to exit due to wall friction, from channel exits
to outlet plenum due to flow sudden expansion and from out-
let plenum to outlet port due to flow contraction, respectively. In
this study, we specify the pressure drop across the heat sink and
flow rate through the heat sink was computed. Similar to Darcy–
Weisbach equation, pressure drop and flow rate can be related as,
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Fig. 12. Thermal resistance of microchannel heat sink as a function of pressure drop. Fig. 13. Overall heat transfer coefficients of microchannel heat sink as a function of
pressure drop.

Table 2
Relations between pressure drop, flow rate and pressure drop coefficient in the heat sink operation.

Type of heat sink I N D S U V

Q �p = 50 kPa 3.2×10−6 2.9 ×10−6 3×10−6 2.9 ×10−6 3.8 ×10−6 3.7 ×10−6

(m3/s) �p = 35 kPa 2.6×10−6 2.3 ×10−6 2.4 ×10−6 2.3 ×10−6 2.9 ×10−6 2.9 ×10−6

�p = 25 kPa 2.1×10−6 1.9 ×10−6 2×10−6 1.9 ×10−6 2.4 ×10−6 2.4 ×10−6

F �P = 50 kPa 10 ×1012 13×1012 12×1012 13 ×1012 8×1012 8×1012

(m−4) �P = 35 kPa 10 ×1012 13×1012 12×1012 13 ×1012 8×1012 8×1012

�P = 25 kPa 10 ×1012 13×1012 12×1012 13 ×1012 8×1012 8×1012
�p = 1

2
ρ F Q 2 (14)

Where F is defined as the pressure drop coefficient and Q is the
fluid flow rate flowing through the heat sink. Computed pressure
drop, flow rate and pressure drop coefficient results for each type
of heat sink are summarized in Table 2. Note that the pressure
drop coefficient for a given heat sink geometry has a fixed value
as indicated in Table 2. In I-, D, N- and S-type heat sinks, the fluid
flow is supplied and corrected horizontally. There is no change
in flow direction before it is distributed into and corrected from
the channels. The flow recirculations appeared in the inlet/outlet
plenums characterize the fluid velocity at the channel inlets and
exits. In the U- and V-type heat sinks, the flow from the inlet im-
pinges on the bottom wall of heat sink and redistributes to the
microchannels. At the outlet, fluid changes direction and flows out
of the heat sink vertically. Although changing flow direction causes
more pressure drop as in the U- and V-type heat sinks, the veloc-
ity distributions in U- and V-type heat sinks are more uniform as
compared with those of I-, N-, D-, and S-type heat sinks. As a re-
sult, less �pin,2 and �pex,1 are expected in the U- and V-type
heat sinks. Consequently, smaller pressure drop coefficients for U-
and V-type heat sinks are found as indicated in Table 2. This im-
plies that higher flow rate and lower thermal resistance can be
achieved in the U- and V-types of heat sink.

6. Conclusion

Numerical simulations on the fluid flow and heat transfer in
full scale microchannel heat sinks were performed in this study.
According to the inlet/outlet arrangements, performances of six
types of heat sink were studied. Under the same geometric dimen-
sions among these six types of heat sinks except the inlet/outlet
locations, the following conclusions can be made based on the
simulated results:

(1) For all the heat sinks studied, it is found that the highest heat
sink temperature takes place at the edge of the heat sink since
there is no heat dissipation by fluid convection.

(2) The low-temperature region of heat sink occurs at the en-
trance zones of the microchannels due to high heat transfer
coefficient. Heat sink temperature increases along the flow di-
rection because of constant heat flux applied at the heat sink
base plate.

(3) For the heat sinks with horizontally fluid supply and collec-
tion, i.e., the I-, N-, D-, and S-type heat sinks, the velocity
maldistribution is more serious than heat sinks with vertically
fluid supply and collection, i.e., the U- and V-type heat sinks.

(4) Because of velocity maldistribution, the flow rate in each
heat sink channel is different. As a result, temperature non-
uniformity is more serious in the heat sinks with horizontally
fluid supply and collection.

(5) Using the thermal resistance, overall heat transfer coefficient
and pressure drop coefficient to evaluate the heat sink per-
formance, it is found that the V-type heat sink has the best
performance among the heat sinks studied.
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