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Abstract

Microchannels are the current interest for use
in compact heat exchanger , micro reactors , very
large scale integrated system where there is a
desire of high heat transfer performance. The
mentioned electronic equipment are important
part of modern life. The dissipation of heat from
these equipment is very necessary for the proper
functioning of these instruments. Microchannels
provide high heat transfer coefficients because of
their small hydraulic diameter. In this work, a
numerical investigation of fluid flow and heat
transfer in different shapes of microchannels have
been presented, square notches with different
number are added to the rectangular microchannel
to create different shapes of MCHS. A three
dimensional computational fluid dynamics were
built using a commercial package FLUENT to
investigate the conjugate fluid flow and heat
transfer ~ phenomena  in  aluminum-based
rectangular microchannel heat sink. The MCHS
performance is evaluated in terms of temperature
profile , Nusselt number and friction factor. Water
is used in the present study as the working fluid.
The results show that the heat transfer rate and
Nusselt number are increased for the shapes that
have notches compared with the original channel
as Reynolds number increase. The Results
conducted from this study were compared with
that published in the previous literature and there
were a good agreement obtained.

Introduction

One of the most important issues in the
electronic industry is how to dissipate greater
amount of heat generated by electronic devices to
ensure a high performance for these devices.
Tuckerman and Pease [1] introduced the

concept of microchannel heat sink. They
demonstrated that the laminar flow in a
rectangular microchannel has higher heat

extraction capabilities than turbulent flow in
conventional size tubes. This finding opened up a
new research field and it has been followed by
many more studies by numerous researchers.
Fedorov and Viskanta[2]developed a three
dimensional model to investigate the conjugate
heat transfer in a micro channel heat sink. This
investigation indicated that the average channel
wall temperature along the flow direction
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was nearly uniform except in the region close to
the channel inlet, where very large temperature
gradients were observed. This allowed them to
conclude that the thermo-properties are
temperature dependent. The maodifications of
thermo-physical properties in the numerical
process are very difficult as the temperature and
velocity are highly coupled. Rahman[3]measured
the heat transfer coefficient and pressure drop of
water flowing through multiple rectangular
microchannels of hydraulic diameter 299-491 um.
The larger heat transfer was believed to be caused
by the breakage of the velocity boundary layer
adjacent to the wall by surface roughness. No
sharp transition from laminar to turbulent flow
was ever observed with Reynolds numbers up to
3250. Leleaet al. [4] performed experiments on
laminar (Re<800) heat transfer and fluid flow
using water in three microtubes of 0.1, 0.3 and 0.5
mm in diameter. The experimental results
confirmed that, including the entrance effects, the
conventional or classical theories are applicable
for water flow through microchannels of the
above sizes. Qu and Mudawar[5]studied the
critical heat flux in a water-cooled microchannel
heat sink consisting of 21 parallel215 x 821 pm
channels. They observed that CHF was
independent on the inlet temperature but it
increased with increasing the mass flux. The yalso
noticed that, as CHF was approached, flow
instabilities induced backflow into the heat sink’s
upstream plenum .Kuan and
Kandlikar[6]experimentally investigated the
critical heat flux of water in six parallel 1054 x
157 um microchannels. Their results show that
CHF increases with mass flux but decreases with
increasing exit vapor fraction. Through
simultaneous flow visualization, they could
observe a change in flow pattern at CHF, from
annular flow to liquid streams travelling in the
core of the flow. Liu and Garimella[7] and Xu
et al. [8]confirmed in their studies that the
behavior of heat transfer and fluid flow through
microchannels is quite similar to that of
conventional channels .Hetsroni et al. [9]has
verified the capacity of conventional theory to
predict the hydrodynamic characteristics of
laminar Newtonian incompressible flows in micro
channels in the range of hydraulic diameter from
Dy, = 15to Dy= 4010 um. They have compared
their results with the data available in open
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literature. Sabbah et al. [10] observed that the
prediction of heat transfer in micro-channels
becomes difficult with increase in complicacy of
the geometry of the microchannels. Allen [11]
had investigated fluid flow and heat transfer in
microchannels experimentally and numerically.
Fluid flow and heat transfer experiments were
conducted on a copper microchannel heat
exchanger with constant surface temperature.

Very recently, Mathew and
Hegab[12]theoretically analyzed the thermal
performance of parallel flow micro heat
exchanger subjected to constant external heat
transfer, The results show that for the same
volume of heat exchanger, increasing the number
of channels leads to an increase in both
effectiveness and pressure drop. The present work
will take in to account different shapes of notches
inside the microchannel and study their effect on
the behavior of performance of microchannel.

Nomenclature

A channel flow area, m?
Cp specific heat, J/kg K
Dy hydraulic diameter, um (Dy,=2HW/(H+W)

f friction factor, ( f=2Dy, AP/p uir’Ley)

Nu Nusselt number (Nu=p u Dy, /)
H channel height of rectangular, pm
W channel width of rectangular, um
k thermal conductivity, W/m.K
L. channel length, um
P channel wet perimeter, pm
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Win inlet fluid velocity, m/s
U dimensionless velocity in x-coordinate

\% dimensionless velocity in y-coordinate
W dimensionless velocity in z-coordinate
X, Y,z dimensionless Cartesian coordinates
Greek symbols

u viscosity, kg/m s

p density, kg/m®
Subscripts

avg average
ch channel

h hydraulic

i inlet

0 outlet

S solid
str straight

Model Geometry

The microchannel heat sink used in this
research is schematically described in Figure (1)
and (2). The unvaried total area being cooled is
(W *L,) with individual minichannel flow
passage dimensions of w, h. The wall separating
the two channels is of thickness W,, and acts like
a fin. The bottom plate thickness is Sp, and the
coolant flow velocity U;, are the parameters of
interest in designing a microchannel heat sink
.Heat supplied to the aluminum MCHS substrate
through a bottom plate, is removed by flowing
water through a microchannels. the dimensions of
all channel shapes and rectangular cross-section

Qw Zheat flux at microchannel heat sink are given in (Table-1).In this study, the effect of
top plate, W/m using different channel shapes on heat transfer the
Re Reynolds number, (Re=p Dpuin/p) change in shape is by add notches along of
S distance between two microchannels, pm rectangular microchannel, the number of notches
t substrate thickness, pm is 2,4 and 6 for two side (The dimension in Table-
Tin fluid inlet temperature, K 2) ,and fluid flow characteristics of MCHS is
T, microchannel heat sink solid temperature, K considered
w fluid velocity, m/s
Tablel: dimension for rectangular cross-section channel
W W H h t St Sp L, Dy,
340um 280u 630um 480um 30um 100um 100pm 10000um | 355um
Table2: dimension for rectangular with notches
wW W H h t St Sb Whot hnot
340pm 280p 680pum 480pm 30um 100pm 100pum 60pm 60um

Figure 1: Schematic diagram of the microchannels heat sink
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rectangular(b) Microchannel with two-Notches

(c) Microchannel with four-Notches (d) Microchannel with six-Notches
Figure 2: straight and with notches microchannels
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Mathematical Formulation and

Numerical Methods

In order to solve the Navier—Stokes and energy
equations to investigate the effect of channel
shape on the MCHS performance, the following
assumptions were made: (i) both fluid flow and
heat transfer are in steady state and three
dimensional; (ii) fluid is in single phase,
incompressible and the flow is laminar; (iii)
properties of both fluid and heat sink material are
temperature-independent; and (iv) all the surfaces
of heat sink that exposed to the surroundings are
assumed tobe insulated except the bottom plate of
heat sink where a constant heat flux boundary
condition that simulating the heat generation from
external sources is specified.

At the channel inlet, the water temperature is
equal to a given constant inlet temperature of T;,=
293 K. The outflow condition is assumed where
there is no gradient in temperature, velocity and
pressure gradient is constant.

The governing equations and its boundary
conditions in Cartesian coordinates for 3D
laminar incompressible flow for the current
problem are [13]:

Continuity equation:
ou_ ov ow e (D)

X—Momentum equation:

a o ) o (o ot ol
pw(uaervﬁerWaz = TH (8x2+6y2+622
(2a)

Y—Momentum equation:
N v av) op 0%, 0% 0%
UZ VW = — == + RN SN}
P ( oy el Ty (axz T2 o2

Z—Momentum equation:

2w 22w 92w
p (u@+vﬂ+w@):_%+ (Mv 6W+a)

OX ay oz axz 3y2 az
(2c)
Energy equation:
DT
pCp—=kv?T L 3)

Dt

In order to facilitate the investigation of
channel geometry effects and channel thermal
conductivity effect, the numerical simulation
was conducted for the entire computational
domain, with the solid region being treated as a
special liquid. This implies that the computation
is of conjugated type . The no-slip hydraulic
boundary condition of velocity is adopted for the
solid wall, the inlet distribution is uniform for
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velocity at the channel inlet and the outlet
boundary condition is considered of local one-
way type [13,14]:

Z=0, w=W;, u=v=0 . (4)
Z = L, the influence coefficient of the
downstream equals zero. ... (5)
u=0, v=0, w=0, atsolidwalls N ()]

The velocities in the solid region are
everywhere zero which is automatically

guaranteed by numerical solution algorithm for
conjugated problem [13,14].

The thermal boundary conditions are given as
follows. The left and right surfaces are the
symmetry planes, and the boundary conditions
are adiabatic:

X =0, ;’—§=o e (7)
X=W.+W,, —=0 ... (8
At the bottom posmon the heat flux is given:

Y =0, —k——qw ... (9)
The top surface is assumed to be adlabatlc

Y =Hp + H, 5 =0 ..... (10)

At the inlet position, the inlet temperature of
liquid isgiven to be constant, and the outlet
boundary is consideredof local one-way type

[14,15]:

Z=0,T=Ti, . (11)
Z =1, the influence coefficient of the
downstream equals zero . (12)

A computational fluid dynamic code is used to
calculate flow velocity, pressure, and temperature
in the channels of a MCHS. Finitevolume method
(FVM), FLUENT was used to convert the
governing equations to algebraic equations
accomplished using hybrid differencing scheme
[13]. The SIMPLE algorithm was used to enforce
mass conservation and to obtain pressure field
[14]. This is an iterative solution procedure where
the computation is initialized by guessing the
pressure field. Then, the momentum equation is
solved to determine the velocity components. The
pressure is updated usingthe continuity equation.
Even though the continuity equation doesnot
contain any pressure, it can be transformed easily
into a pressurecorrection equation [13]. The
segregated solver was used to solve the governing
integral equations for the conservation of mass,

momentum, and energy. Because of the
assumption  of  constant  fluid  thermo-
physicalproperties and negligible buoyancy,

themass andmomentumequationsare not coupled
to the energy equation. Therefore, the temperature
fieldis calculated by solving the energy equation
after a converged solutionfor the flow field is
obtained by solving the momentum and
continuityequations.The iterations were continued
until the sum of residualsfor all computational
cells became negligible (less than 107)and
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velocity components did not
iteration toiteration.
Results and discussion

For thermal analysis, the fluid used is water
with a constantproperties that determined at the
mean temperature across the entirelength of the
channels. The temperature of the inlet water is
taken to be 293 K . The inlet velocity is computed
accordingto the value of Reynolds number,
hydraulic diameter, and theproperties of fluid.
The Reynolds number considered in this work
ranged from 100 to 500. The heat flux that
applied at the bottom plate ofMCHS was 50,100
and 150 W/n.

Temperature Contours

The temperature contour of outlet is shown
Figs. (3) & (4) at different Reynolds number and
different heat fluxes. For all types of
microchannels, it is found that the high
temperature region occurs at the edge of the heat
sinks since there is no heat dissipation by fluid
convection and another reason is due to the low
velocity of the flow and maximum temperature of
fluid at exit of channel.

Stream Line Contours

Figures (5) & (6) display the Stream Line
contours of the fluid at Re=300. For all shapes,
the velocity increase and this increase is due to
the pressure drop in microchannel, so when the
pressure difference between inlet and outlet
decreases, the velocity also will decrease.

Temperature distribution

The change in local temperature for all shapes
of the microchannel are shown in Figures (7),(8)
and (9) respectively ,these temperature are
calculated at the bottom wall. All shape of the
MCHS, indicates that the highest temperature
found in the regions at the edges of the heat sink
and the reason for this is that there is no heat
dissipation by fluid convection. Lower
temperatures occur in areas far from the walls of
the microchannel, especially in the central region
due to the higher heat transfer coefficientand this
is compatible with the results that published
[15,16,17]. It is clear from Figures (7),(8) and (9)
that the distribution of temperatures in the

change from
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microchannel with notches of 6 be highest among
all the shapes that studied in this work and the
reason is due to the large contact area with the
fluid. Figure also  show that the
straightmicrochannelhave the highest value of the
thermal resistance and gradually decreases with
increasing the number of notchesuntil reaches to
the least resistance in the microchannel
configuration of six notches.

Nusselt number

To analyze the Nusselt number variation, a
relationship between average Nusselt number and
Reynolds number is explained in Figures
(10),(11),(12),(13) and(14). As expected, Nusselt
number increases as the Reynolds number
increases. The reason is that when the velocity is
increased, flow rate of the fluid is increased as
well, so its ability of removing heat is larger.
When the result for the channels with notches is
compared with those corresponding to the straight
channel, the channels with notches can
significantly  increase  the heat transfer
performance.By comparing the square channel in
the present study with the previous studies, it can
be concluded that the curves behavior is almost
similar, as it is clear in Figure (14) as published
by Sui, Y., etal. [18].

Friction factor

The variation of the friction factor with
Reynolds number for various channel shapes is
shown in Figure (15). The results show that the
friction factor decreases with the increase of
Reynolds number for all channel shapes. It can be
inferred that the changing of Dean vortices (
vortices near the edges of the channel) patterns
along the flow direction through the channel with
notches appears to give an increase in the friction
factor compared to step and straight channels for
all values of Reynolds number. However, it is
found that the friction factor of seq4 channels is
still higher than that of the seq2 and seq6
channels. By comparing the present results with
previous study of P. Gunnasegaran, etal[19] it can
be concluded that the curves behavior is almost
similar, as it clear from Figure (16)
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Figure 3: Temperature contour of Outlet

at g=100W/cm? and Re=100
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Figure 5: Temperature contour of Outlet

at g=150W/cm? and Re=300

Abed, Khalil, pp.66 - 75

344002
Jdte2
3302
3 o2
3 o2
3 3te2
32002
3 Ao
3282
32
3 182
31602
3 1302
3102
3 08e+02
3 o2
300ee2
30%e2
2 %802
2 902
29002

Figure 4: Temperature contour of Outlet
at g=100W/cm? and Re=100
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Figure 6: Temperature contour of Outlet
at g=150W/cm? and Re=300
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Figure 7: Variation on fluid temperature

for pure water, at (Re=100) &

(O=50)W/cm? at bottom channel wall

Figure 8: Variation on fluid temperature
for pure water, at (Re=100) &
(0=150)W/cm? at bottom channel wall
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Figure 9: Variation on fluid temperature
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Figure 10: Variation of Nusselt number
with Reynolds number for heat
flux=50W/cm?
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Figure 12: Variation of Nusselt number
with Reynolds number for best results
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Figure 15: Friction factor of heat sink

with Reynolds number for
(Q=100W/cm?).
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Figure 16: A comparison of variation
friction factor result with the other
previous numerical studies.

Conclusions

Numerical simulation of the fluid flow and
heat transfer characteristics in full scale
microchannel heat sinks was performed in this
study. The effect of different geometrical such as
the differences in hydraulic diameters by add
notches for rectangular shape of three different
shapes addition to straight rectangular shape of
microchannel heat sinks was comprehensively
studied. Based on the simulated results, the
following conclusions can be made:

1- The highest temperature variation was in
shape of notches 6, while the
temperature in shape of notches 2 and 4
was smallest then straight rectangular
shape.

The heat transfer coefficient and Nusselt
number increase with the increase of
Reynolds number. For microchannels
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with 2 notches shape, the heat transfer
coefficient and Nusselt number are the
highest, for microchannels with straight
rectangular shape are the lowest, and for
microchannels with 4 and 6 notches
shape are in between.

3- The friction factor decreases with the
increase of Reynolds number from
bottom plate of heat sink for the same
heat flux.
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