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ABSTRACT

A computational study has been carried out to examine the effects of ribs and cavities on flow and heat transfer in a
convergent-divergent shaped microchannel heat sink with constant heat flux for Reynolds number (Re) ranging from
120 to 900. Three-dimensional governing equations were discretized using the finite-volume method. The
computational domain included solid silicon and fluid regions. A significant amount of work has been reported in
the literature on the individual effects of channel shape and flow disruption using obstacles on thermal performance
of microchannels. In the present study convergent-divergent (CD) shaped microchannel with and without ribs and
cavities (RC) are considered and their friction coefficient, thermal resistance and maximum substrate temperature are
investigated in detail. The present results show that the usage of CD shape with ribs and cavities can reduce the
overall thermal resistance up to 40% and make the bottom surface temperature quite uniform. This heat transfer
enhancement is mainly due to interruption and redevelopment of boundary-layers along with recirculation zone. The
results also show that increasing Re leads to an enhanced heat transfer in terms of increased averaged Nusselt number
from 15% to 46%. The combined effect of CD shape with RC is quite effective in heat transfer augmentation but it
gradually loses its effectiveness at large values of Re due to a high pressure drop penalty.

Keywords: Convergent-Divergent Shape, Ribs and Cavities, Heat Transfer Enhancement, Thermal Boundary-

Layer, Nusselt Number.

1. INTRODUCTION

Due to a rapid increase in thermal energy in electronic
circuits, microchannels have emerged as an efficient solution
to maintain temperature levels within the acceptable limits
and hence reduce mean-time-to-failure and performance
degradation. A microchannel flow geometry offers high heat
flux dissipation by a fluid flowing in channels due to its large
surface area to volume ratio. As density of integrated circuits
increases day by day, there is an increasing need for more
research towards novel heat transfer enhancement
mechanisms in microchannel.

The use of microchannel was first discussed by Tuckerman
and Pease [1] by dissipating heat flux of approximately 800
W/cm? by a single-phase fluid flowing through a rectangular
microchannel. Their pioneering work motivated many
researchers to understand the fluid flow and heat transfer
phenomena followed by emphasis on design and practical
implementation aspects of microchannels. In early 1990s
Wang and Peng [2] and Peng and Peterson [3] investigated
flow and heat transfer characteristics in microchannel using
water/methanol as the working fluid. Their results showed
that transitional and laminar heat transfer behavior were
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strongly affected by fluid temperature, velocity and
geometric configurations. Qu and Mudawar [4] performed
experimental investigation in rectangular microchannel and
confirmed the applicability of the continuum theory. Their
results showed that geometric configuration has a significant
effect on heat transfer characteristics. Rostami et al. [5]
reviewed flow and heat transfer characteristics in
microchannels. Steinke and Kandlikar [6, 7] confirmed the
continuum theory and presented experimental data for
associated experimental uncertainties.

A conventional microchannel heat sink generally employs
rectangular shaped channels in which fluid flows nearly
along a straight line. In such microchannel heat transfer
performance deteriorates due to a poor fluid mixing as
boundary-layers thicken along flow direction. An
improvement in heat transfer could be possible by changing
the channel shape and causing flow disturbance using
obstacles. These effects lead to interruption of boundary-
layers and enhanced fluid mixing and as a result an enhanced
heat transfer. Rosaguti et al. [8, 9] investigated effect of
channel shape on heat transfer characteristics using periodic
serpentine and sinusoidal geometrical structures and showed
that dean vortices were formed on each bend leading to an



efficient fluid mixing and large rates of heat transfer without
a large pressure drop penalty. Thermo-fluid behavior and
appropriate models to simulate vortices and recirculation and
separated flows are described by Dewan [10]. Adewumi et al.
[11] used varying axial length and presented optimal channel
aspect ratio, solid volume fraction and channel hydraulic
diameter of the microchannel to maximize the heat transfer
from a heated base. Conti et al. [12] investigated the effects
of the amplitude of the heat flux variation, inlet velocity and
geometry on conjugate heat transfer in straight microchannel
and reported that channels of smaller width were more
sensitive to the heat flux source, especially for higher input
values.

In  recent years, liquid suspensions containing
nanoparticles have gained significant attention on enhancing
heat transfer in a microchannel. Salman et al. [13] used SiO,-
ethylene glycol nanofluids inside microtube to investigate the

effect of geometric parameters on heat transfer characteristics.

They showed that large tube diameter and entrance size had
the highest Nu and vice versa.

Sui et al. [14] investigated the effect of curvature on heat
transfer performance and pressure drop using wavy channel
and compared the performance with rectangular
microchannel. They concluded that in a wavy microchannel,
significant heat transfer enhancement could be possible.
Amanifard et al. [15] investigated the effects of flow rate and
aspect ratio on temperature distribution and pressure drop in
rectangular microchannels. Mohammed et al. [16] compared
thermal performance using zigzag, curvy and step
microchannels of the same cross-sectional area with those of
rectangular and wavy channels. They showed that heat
transfer coefficient was the highest for zigzag microchannel
compared to other shapes. In another paper Alfaryjat et al.
[17] investigated effects of hexagonal, circular and rhombus
shape and showed that hexagonal cross-section had better
heat transfer characteristics among other shapes. Chai et al.
[18] considered multi-channel effect, entrance effect and
viscous heating in periodic expansion-constriction cross
sectional microchannel and observed a good agreement in
predictions of apparent friction factor and Nusselt humber
with experimental data. Sheikhalipour et al. [19] investigated
the effects of aspect ratio and viscous dissipation on Nu in
trapezoidal microchannels and verified their results with
conventional theory. Dehgan et al. [20] investigated tapering
effect on conjugate heat transfer characteristics using
converging flow passage and showed that Nu increased with
tapering with a lower pressure drop penalty. They also
proposed a width tapered ratio for an optimum heat transfer
performance. Duryodhan et al. [21] compared the conjugate
effect in a converging and diverging microchannel. They
observed that converging microchannel had more uniform
temperature as well as 35% more heat transfer coefficient
compared to a diverging microchannel.

Some researchers studied the flow behavior in
microchannel with breakage of continuous fin into off-strip
fin, oblique fin, etc., in order to interrupt the flow field.
Foong et al. [22] used four longitudinal internal fins and
analysed optimum fin height for heat transfer augmentation.
Effects of geometric size of strip-fin were investigated by
Hong et al. [23]. They concluded that an optimal design of
strip-fin size could reduce the pressure drop with maximum
wall temperature. Lee et al. [24] employed sectional oblique
fins and showed that there was thinning of boundary-layer
because of restart of boundary-layer and secondary flow. Lee
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et al. [25] carried out parametric study with oblique fin and
showed that smaller oblique angle and smaller fin pitch were
beneficial for heat transfer enhancement.

Many authors used dimples, ribs and cavities which allow
interruption and redevelopment of boundary-layer with an
effective fluid mixing. Recently, Dewan and Srivastava [26]
reviewed recent development on heat transfer enhancement
in microchannel and concluded that flow disruption methods
have a large potential for heat transfer augmentation. Shukla
and Dewan [27] presented the effects of ribbed surface on jet
impingement heat transfer and concluded that a good heat
transfer could be achieved using rib fitted target surface due
to increased turbulence level and good mixing of fluid.

Wei et al. [28] studied the effects of dimpled surface and
protrusions on heat transfer enhancement and reported that
heat transfer was increased up to 10-35% due to an increased
fluid mixing and vortex stretching. Gururatana [29] also
showed that Nu could be enhanced using dimpled structure
but it was found useful for Re more than 125. Liu et al. [30]
used different grooved microstructures and observed that Nu
for V-grooved structure was 1.5 times more than that for
other structures considered. Xie et al. [31] also investigated
thermal performance with different arrangements of grooves
and obstacles and showed effective cooling enhancements in
microchannel.

Xia et al. [32, 33] carried out several investigation to study
the effects of grooved structure in the form of fan-shaped and
triangular-shaped cavities on pressure drop and thermal
resistance. They showed that in the case of fan shaped
cavities, heat transfer enhancement took place mainly due to
redevelopment of boundary-layers, the jet and throttling
effects and increased heat transfer surface area. However in
the case of triangular cavities, heat transfer enhanced due to
formation of vortices in cavities and interruption of
boundary-layer which significantly enhanced the convective
fluid mixing. Recently Chai et al. [34] performed parametric
study of fan shaped ribs on side walls for Re ranging from
187-715. They considered entrance effect and viscous
heating and observed 6 — 101% increase in Nu and 3 — 40%
decrease in total thermal resistance as compared to smooth
one. In another paper Chai et al. [35] investigated the effect
of offset of fan-shaped ribs and compared the performance
with aligned one and concluded that a good thermal
performance could be achieved by offsetting the ribs.

Xia et al. [36] used fan-shaped cavities and internal ribs
and showed that combined effect of cavity and ribs had a
good performance compared to that of individual ones due to
periodic interruption and restart of boundary-layer. In another
paper Li et al. [37] used triangular cavities and rectangular
ribs and used entropy generation minimization method to
analyse thermal performance and heat transfer augmentation
mechanism.

It is clear from the afore-mentioned literature review that
individual effects of change in shape and flow disruption
using obstacles have been investigated by many researchers.
However only few researchers have reported the combined
effect of shape and flow obstacles. The objective of the
present paper is to study the combined effects of convergent-
divergent shaped microchannel with ribs and cavity on flow
and heat transfer characteristics. In Section 2, the
mathematical formulation of microchannel with different
geometries considered is presented. In Section 3, results on
flow and thermal characteristics are presented. The overall



thermal performance evaluation is presented in Section 4
followed by conclusions.

2. MATHEMATICAL FORMULATION
2.1 Description of models

In the present study, 10 microchannels were arranged in a
substrate with the bottom size of 10 mm x 1 mm (L x W) and
height (H) of 0.9 mm. Due to symmetry conditions, only one
unit of microchannel was considered as a computational
model. There were five repetitive sections each of 2 mm
length along the flow direction. The fluid domain width (W),
depth (Hs), substrate thickness, cover plate thickness and wall
thickness were 0.057 mm, 0.18 mm, 0.27 mm, 0.45 mm and
0.0215 mm respectively. A schematic of the microchannel
with periodically convergent-divergent shape consisting of
ribs and cavities along the flow direction is shown in Fig. 1.

Figure 1. Unit cell of convergent-divergent microchannel
with ribs and cavities.

A rectangular microchannel with the same geometry as
considered by Kawano et al. [38] used in their experimental
investigation was taken as the reference microchannel to
evaluate improvement in thermal performance. The following
four configurations were considered to investigate the effect
of channel shape with and without ribs and cavities (Fig. 2).

e Case 1. Rectangular microchannel

e Case 2. Rectangular microchannel with ribs and cavities

e Case 3. Convergent-divergent microchannel (CD)

e Case 4. Convergent-divergent microchannel with ribs and
cavities (CD-RC)
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Figure 2. Microchannel unit cell with different geometries (a)
rectangular, (b) rectangular with ribs and cavities, (c)
convergent-divergent and (d) convergent-divergent with ribs
and cavities.

2.2 Governing equations

The following assumptions were used to simplify the flow
and heat transfer analysis.
e Steady, three-dimensional fluid flow and heat transfer.
e Laminar, newtonian and incompressible fluid flow.
¢ Negligible radiation and gravitational effects.

The governing equations for 3D, steady behavior may be
written as

Continuity equation:

[7]
7 (pu) = 0 €y
Momentum equation:
9 _ dp 2 ou;
o (pruu;) = Tox, + o [.Uf(a—xi + a_xj)] 2
Energy equation:
o(psucy™) _ 9, or
axi - axi (kf axi) + @ (3)
ou; 2 ouj  duj o
0=n2(51) +GL+5H7 @
The energy equation for solid is written as
a oT
P (ks 6_xi) =0 )

where p denotes the density, jLthe dynamic viscosity, ¢, the
specific heat capacity and k the thermal conductivity. Here
subscripts f and s refer to fluid and solid, respectively.

2.3 Boundary conditions

Water was used as the working fluid in microchannel with
uniform velocity. The inlet temperature of water was taken as
293 K. The inlet velocity of fluid was taken according to the
value of Re (ranging from 120 - 900), hydraulic diameter and
fluid properties. Silicon was taken as the material of the heat
sink. A constant heat flux of 90 W/cm? was supplied on the
bottom surface to simulate typical heat generation from an
electronic chip. Other walls were kept insulated. In addition,
the top surface of silicon substrate was assumed to be
adiabatic. The centre plane of the solid fin was taken as the
plane of symmetry. Moreover, at the remaining walls
interaction between solid conduction and fluid convection
was considered. The atmospheric pressure condition was
used at the outlet. No slip conditions were used at the
interface of the solid-fluid parts.



T, =Ts (6)
T aT
[, = [, o

The center plane of the solid fin was set as the plane of
symmetry:

(8)

Other walls were treated as adiabatic:
aT
[a]w =0

By computationally solving the equations (1 — 9) along
with the boundary conditions, velocity, pressure and
temperature fields were determined. Thereafter heat transfer
coefficient, pressure drop, friction factor and surface
temperature were obtained.
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2.3 Solution method

The simulations were performed using CFD solver
ANSYS FLUENT 15.0. The SIMPLE algorithm was used to
deal with pressure-velocity coupling. The second-order
upwind scheme was used to discretize the convective terms.
The solution was assumed to be converged when the values
of the scaled residuals for continuity, momentum and energy
equations were less than 10, 108 and 10°° respectively. To
validate the code, the present predictions were compared with
the experimental results of Kawano et al. [38] and a good
agreement between the two for thermal resistance was
obtained (Fig. 3). The thermal resistance (R) of the
microchannel was defined as the ratio of difference between
the heated surface (Tmax) and inlet (Tin) temperatures to heat
flux (q) supplied at the bottom surface.

R = Tmax—Tin (10)
q
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Figure 3. Code validation with reported experimental results.
2.4 Grid independence study

A grid sensitivity study was performed for all the
microchannels considered. Four unstructured grids with
different sizes of 0.145 million (coarse), 0.214 million (fine),
0.254 million (very fine) and 0.302 million (ultra-fine) were
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used for Case 1. A refinement of mesh was carried out in all
the three directions to accurately resolve solid-fluid interface
region. The inlet velocity was specified as 1.312 m/s
corresponding to Re of 144. The pressure drop along the
channel length was observed to determine the grid
independent solution. It was observed that deviations of the
pressure drop using 0.145, 0.172, 0.214, 0.254 million grids
from that of 0.302 million grids were 4.35%, 2.04%, 0.95%
and 0.03%. Therefore, the mesh with 0.254 million grids was
found to be sufficient for the present study. Grid
independence was similarly established for the grids selected
for the other cases.

2.5 Parameters considered
The following parameters were considered in order to
calculate the overall thermal performance of microchannel.

Reynolds number Re is defined as

_ PfuinDp
Hf

Re (11)

where, pr denotes the fluid density, ui, the inlet fluid velocity,
Dy the hydraulic diameter and & the mass-averaged fluid
dynamic viscosity. The hydraulic diameter was defined as

n = —L"L with the width Wrand height Hy of the constant
Wf+Hf

cross-section segment.

The average fanning friction factor (f) was computed by
the pressure drop (Ap) across the length of the microchannel
(L) and expressed as

(12)

The average heat transfer coefficient h and average
Nusselt number Nu were computed by the expressions

q.Ap

h= nAcont(m_ﬁ) (13)
N = 228 (14)
kg

where, g denotes the heat flux from electronic components,
Ay the bottom surface area, Acont the inner wall/fluid contact
area, n the number of microchannels, ki the thermal
conductivity of fluid, T,, the average temperature of the
channel wall surface and T; the mean bulk fluid temperature
between the inlet and outlet.

The pumping power is given by the expression
P = nu;, A Ap (15)
where, n denotes the total number of microchannel, A; the
inlet cross-sectional area per channel.

3. RESULT AND DISCUSSIONS

In this section we present flow structure, pressure drop and
heat transfer characteristics due to convergent-divergent
shape with ribs and cavities. The present simulated results
were found to be in excellent agreement with the reported



results in the literature for developing flow by Dewan and
Kamal [39].

3.1 Flow structure

In a typical rectangular microchannel heat transfer
performance deteriorates along the flow direction due to
parallel streamlines and a thick boundary-layer. Here we
have analysed the heat transfer augmentation by deflecting
the streamlines and causing interruption of boundary-layer by
using convergent-divergent shape with ribs and cavities.
When liquid flows through a convergent-divergent (CD)
shape, velocity increases in the convergent portion and it is
redirected towards the constant cross-section segment
followed by the divergent segment where velocity decreases
due to a sudden expansion of area. VVortices are formed in the
divergent segment and their intensity depends significantly
on Re and divergence angle. When ribs and cavities are
incorporated, streamlines deflect to cavity at the entrance of
the expansion region causing vortex generation. Here
velocity becomes quite low and a laminar stagnation zone
appears. Fluid is again accelerated when it passes over the
ribs and the maximum velocity occurs in this region followed
by small recirculation zone downstream of the ribs. A
combined effect of cavities and ribs produces a periodic
interruption of hydrodynamic and thermal boundary-layers
lead to enhanced fluid mixing.

Fig. 4 shows velocity and temperature contours for the
microchannel in the x-y plane located at the middle of the
fluid domain depth (z = 0.36 mm) at Re = 144. Fig. 4 (a)
shows that in the rectangular microchannel, the maximum
velocity occurs at the channel center and streamlines are
parallel while in the case of the rectangular microchannel
with ribs and cavities [Fig. 4 (b)], the flow stream deflects
towards cavities and velocity becomes relatively low causing
a recirculation zone. The velocity increases at the location of
rib due to blocking effect. A periodic interruption of
hydrodynamic boundary-layer can be observed due to ribs
and cavities which results a small variation in the normal
velocity while in the case of the rectangular channel,
variation in the normal velocity is quite high due to a
streamlined flow. As a result, mixing of cold fluid from
channel center and hot fluid from the vicinity of walls is
possible. Such repeated change in flow and mixing of fluid
by interruption effectively improves the thermal performance
of a microchannel.

In the case of CD microchannel [Fig. 4 (c)], fluid velocity
increases in the convergent segment and reaches its
maximum value at the constant cross-section segment and
thereafter it decreases through the divergent length. Due to
the placement of cavities in the converging segment and ribs
in divergent segment in the case of CD-RC microchannel
[Fig. 4 (d)], the streamlines deflect to cavity and recirculation
zone appears while ribs disturb the flow in the divergent
segment. In the recirculated zone of cavity, flow velocity is
minimum. Therefore, the smallest variation in the normal
velocity is observed in the case of CD-RC microchannel.
This behavior suggests that the converging-diverging
geometry along with ribs and cavities result in interruption
and restart of boundary-layer leading to a developing flow in
the microchannel. The corresponding thermal characteristics
of all the above-mentioned microchannels are discussed in
Section 3.4. The interruption of streamlines depends on the
expansion constriction ratio, while the size of the

recirculation zone depends on geometry of ribs and cavities
and fluid velocity (eventually Re).
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Figure 4. Temperature and velocity contours along the flow
direction in microchannel at Re = 144 (a) rectangular, (b)
rectangular with ribs and cavities, (c) convergent-divergent
and (d) convergent-divergent with ribs and cavities.

3.2 Pressure drop

Fig. 5 (a) represents the corresponding pressure drop along
the channel length at Re = 144. For the rectangular
microchannel, the pressure decreases linearly along the flow
direction. For CD microchannel the pressure loss is more in
the diverging segment than that at other segments. This
pressure drop is not only due to friction loss along the flow
direction but also due to obstacles in fluid flow. It is clear
that the effect of convergent-divergent shape is more
dominant than ribs and cavities on pressure drop.
Furthermore, pressure drop for all three geometries is higher
than that for the rectangular microchannel. The CD-RC
microchannel has the highest pressure drop followed by the
CD shape and rectangular shape with ribs and cavities,
respectively. This behavior is mainly due to changes in flow
passage configurations. These geometrical changes cause
flow disruption, blocking effect and recirculation flow
around bend corners and in cavities, thereby resulting in a
larger pressure drop. Generally, heat transfer rate increases
with an increase in flow rate. However, a higher-pressure
drop is encountered with an increase in volumetric flow rate
as well. The effects of Re on the pressure drop are presented
in Fig. 5 (b) and it can be observed that the pressure drop
increases linearly with Re for all cases considered. The
increase become significant at high Reynolds number. The
rate of pressure drop for CD-RC microchannel is the highest
compared to that for other cases. Thus CD-RC microchannel
loses its effectiveness in thermal performance improvement
at high Re.

3.3 Friction factor

The frictional losses arise mainly due to flow losses
resulting from periodic expansion - contraction, recirculation
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in cavities and flow blockages between ribs. A variation of
the friction factor with Re for various channel configurations
is shown in Fig. 6. Friction factor is observed to be high due
to change in shape and presence of ribs and cavities. Fig. 6
shows that the friction factor decreases with Re for all
channel shapes. There is a good agreement between the
reported experimental results by Kawano et al. [38] and the
present simulated results for rectangular microchannel (Fig.
6). It is also observed that the CD-RC microchannel has the
highest friction factor coefficient compared to that of the
other microchannels.
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Figure 5. (a) Pressure drop along the channel length for Re =
144 and (b) pressure drop variation with Re.
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3.4 Heat transfer characteristics

Change in shape and obstacles have a strong effect on heat
transfer characteristics due to interruption and restart of
boundary-layer. In the case of rectangular microchannel, heat
transfer from the substrate to the flowing fluid is quite poor
due to thickening of thermal boundary-layer. Fig. 4 shows
temperature distribution for the microchannel in the x-y plane
located at the middle of the fluid domain depth (z = 0.36 mm)
at Re = 144. It can be observed in Fig. 4 (a) that variation of
temperature in the normal direction is higher than that of
other channels due to poor mixing of cold and hot fluids. For
the CD microchannel, the temperature of the divergent
segment is somewhat higher than that of the convergent
segment and the maximum temperature occurs at the inlet of
the convergent segment [Fig. 4 (c)]. This behavior is due to
accelerated and decelerated flow in different segments. It can
also be observed that the lowest temperature occurs at the
center of the channel as in the case of the rectangular
microchannel but the temperature difference near the wall
and core flow regions is less than that of the rectangular case.

The cavities and ribs inside the microchannel have a
significant effect on its thermal performance [Figs. 4 (b) and
4 (d)]. Thermal boundary-layers are broken up periodically
and restarted due to obstruction by ribs. Vortices are also
formed downstream of the ribs and these disturb the flow
field. As already discussed in Section 3.1, flow velocities are
relatively low at locations of cavities due to formation of
laminar stagnation zone and these increase at the locations of
ribs due to blocking effect. Furthermore, the cavities produce
radial pressure gradient, which further enhances the flow
mixing and provide a good convection heat transfer.
Combined effects of interruption, restart of boundary layer,
recirculation and enhanced fluid mixing lead to a significant
heat transfer in the CD-RC microchannel.

In order to further understand the local heat transfer
enhancement, Fig. 7 shows temperature distributions for
microchannels in the x-z plane located at the middle of fluid
domain (y = 0.050 mm) for Re = 144. It can be observed
from Fig. 7 (a) that the temperature of the fluid in the core
flow of the rectangular microchannel is the highest due to a
streamlined flow. As the boundary-layer is interrupted and
restarted, mixing of hot fluid near the wall with cold fluid in
the core region takes place leading to lowering the
temperature of fluid flowing in the channel [Figs. 7 (b) and
(c)]. The CD-RC microchannel has better thermal
performance than other microchannels considered [Fig. 7 (d)].

The mechanism of heat transfer enhancement in the
present CD-RC microchannel can be described as follows: (1)
Heat transfer area is increased due to the presence of cavities
and ribs but the frictional area is also increased resulting in a
simultaneous high pressure drop; (2) Jetting and throttling
effects are caused by the periodic converging-diverging
shape; (3) Laminar stagnation zones appear at cavities for
low values of Re but the presence of ribs weakens their
formation and effectively intensifies the effect of disturbance.
For high values of Re, the recirculation produced in the
cavities and downstream of the ribs leads to a good mixing of
cold and hot fluids; and (4) the most significant heat transfer
characteristics is thinning of thermal boundary-layers due to
interruptions by ribs and cavities.
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Figure 7. Temperature contours along the flow direction in
channel at Re = 144 (a) rectangular, (b) rectangular with ribs
and cavities, (c) convergent-divergent and (d) convergent-
divergent with ribs and cavities.

Fig. 8 shows the average Nusselt number (Nu) variation
with Re. It can be observed that, the value of Nu increases
with Re for all cases. The average Nusselt number in the CD-
RC microchannel is the highest in all the cases and there is an
increase of 15% to 46% compared to the rectangular shape
over the range of Re considered. The higher Nu for the CD-
RC microchannel shows that ribs and cavities can give rise to
significant heat transfer enhancement. It can also be observed
that Nu for the CD-RC microchannel rises rapidly at smaller
Re and the rate of increase slows down with an increase in Re.
This behavior shows that the effectiveness of the CD-RC
microchannel gradually decreases with an increase of Re.
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Figure 8. Average Nusselt number variation with Re.

The bottom surface temperature and its uniformity are
quite important in a microchannel as these are directly related
to mean time failure and performance of the electronic
devices. Fig. 9 (a) shows the bottom surface temperature
along the channel length at Re = 144. It can be observed that
the rectangular shaped channel has the highest bottom



surface temperature followed by the rectangular shape with
ribs and cavities and the performance of the CD-RC

microchannel is the best among all the geometries considered.

An increase in temperature due CD shape is countered by
ribs and cavities thus resulting in a uniform temperature
distribution throughout the length in the case of the CD-RC
microchannel. Fig. 9 (b) shows a variation of the average
temperature of the heated surface with Re. The slopes of the
average bottom surface temperature curve decrease with Re
for all cases. Here temperature decreases rapidly for low Re
up to Re = 300. As Re is increased, the CD shape has less
heat transfer than that of rectangular shape with ribs and
cavities. This behavior is because ribs and cavities
continuously interrupt boundary-layer while in the CD shape
fluid mixing is small at high values of Re. This means it is
not an efficient method to lower the bottom surface
temperature of heat sink by increasing the flow rate when Re
exceeds a certain value.
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Figure 9. (a) Bottom wall temperature along the length at Re
=144 and (b) bottom wall temperature variation with Re.

4. OVERALL THERMAL PERFORMANCE

To determine the overall thermal performance of
microchannel, thermal resistance and pumping power were
computed and analysed. A variation in overall thermal
resistance with Re is shown in Fig. 10. It can be observed that
the overall thermal resistance decreases with Re in all cases.
It can also be seen that the overall thermal resistance of the
rectangular microchannel is higher than that of the CD
microchannel for the same flow rate due to poor fluid mixing.
Moreover, the CD-RC microchannel provides overall the
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lowest thermal resistance than by the other microchannels
due to separation of mainstream, strong mixing of fluid and
interruption of boundary-layer. A good agreement is also
observed for thermal resistance for rectangular microchannel
between the present simulation results and experimental
results by Kawano et al. [38]. Since thermal resistance
indirectly represents the maximum bottom surface
temperature, the use of CD-RC microchannel provides an
efficient method to lower the maximum temperature of the
bottom surface of substrate where electronic chip is mounted.
However, with an increase in Re, the rate of decrease of
overall thermal resistance reduces and hence its effectiveness
is gradually lost at higher values of Re. Pumping power or
pressure drop is another factor to consider its overall thermal
performance for practical situations.

A variation in thermal resistance with pumping power at
the corresponding volumetric flow rate is presented in Fig. 11.
It shows that the thermal resistance decreases continuously
with increasing pumping power for all cases but its
effectiveness diminishes at higher values of Re. It is also
observed from Fig. 11 that the CD shape is more susceptible
to pressure drop penalty than ribs and cavities. Therefore for
the same pumping power, the rectangular shape with ribs and
cavities has the least thermal resistance in all cases.
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Figure 10. Thermal resistance variation with Re
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5. CONCLUSION

In practical applications, such as, electronic chip cooling,
the heat load is applied at a certain finite distance from the
fluid-solid interface, which leads to multi-dimensional



conjugate heat transfer. For such applications, the maximum
temperature is a critical issue for failure of heat sink.
Therefore the thermal resistance is a reasonable factor to
represent thermal performance of a microchannel. Three-
dimensional simulations of fluid flow and heat transfer in
microchannel with different geometries have been performed
under a constant heat flux condition at the bottom surface of
substrate. The effect of volumetric flow rate on pressure drop,
flow field and temperature distribution is studied to evaluate
its thermal performance. It is shown that the use of
convergent-divergent shape with ribs and cavities can reduce
the overall thermal resistance by approximately 40% and can
make temperature of heated surface quite uniform. This heat
transfer enhancement is due to combined effect of
convergent-divergent shape with ribs and cavities.
Interruption and restart of hydraulic and thermal boundary-
layers takes place along with enhanced fluid mixing due to
formation of vortices in cavities. To further improve the
thermal performance an appropriate value of Re can enhance
the intensity of vortex and reduce the thickness of thermal
boundary-layer. The results show that increasing Re leads to
an enhanced heat transfer in terms of increased averaged
Nusselt number from 15% to 46%. The combined effect of
convergent and divergent shape with ribs and cavities is
effective in heat transfer augmentation but it loses gradually
its effectiveness at high values of Re due to a large pressure
drop penalty.
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NOMENCLATURE

STU<T c +THXQ OUI

Microchannel length (mm)
Microcahnnel width (mm)
Microchannel height (mm)
Hydraulic diameter (mm)
Specific heat (J/kgK)
Gravitational acceleration (m/s?)
Thermal conductivity (W/mK)
Temperature (K)

Friction factor

Velocity (m/s)

Pressure (Pa)

Volumetric flow rate (m%/s)
Pumping power (W)

Heat transfer coefficient (W/m?K)

Greek symbols

p
K
A

Density (kg/m®)
Dynamic viscosity (Ns/m?)
Gradient



Subscripts in Inlet
S Solid
w Wall f Fluid
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