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ARTICLE INFO ABSTRACT

A numerical study was performed to investigate the thermal-hydraulic performance of different microchannel
heat sink (MCHS) designs for cooling channels in a lithium-ion battery including various geometric modifica-
tions. Comparative analysis was performed to determine which design is the best in terms of the heat transfer,
the pressure drop, the overall performance and the temperature distribution on the baseline wall. It was ob-
served that local modifications in channels can ensure suitable fluid mixing between core flow and near wall
regions; therefore this situation enhances heat transfer performance considerably compared to MCHS with no
cavity and rib (MC-NCR). However, the vortices obviously occurred in cavities. Although this phenomenon was
helpful for the symmetrical cavity and rib (MC-SCR) in terms of heat transfer enhancement, it was opposite for
the asymmetrical cavity and rib (MC-ACR) due to intensive recirculation zones. In addition, the large vortex
bubbles especially seen after the last cavity or rib cause pick temperatures because this trapped flow could not be
surpassed and carried. Results indicate that as the MC-SCR shows the best thermal performance owing to
dominant jetting and throttling effect and convenient longitudinal and transverse vortices, asymmetrical cavity
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(MC-AQ) is the best uniform temperature distribution on baseline wall.

1. Introduction

Recently there has been a significant demand to design and produce
high performance electronic devices in small and compact sizes.
Reduction in the size of electronic components seems to be favorable;
however, it comes with thermal management concerns as the necessity
to remove large heat rates from constrained spaces arises with these
devices. Thermal management in lithium-ion battery packs possesses
similar challenges. Utilization of the batteries in electric vehicles or
other mobile applications requires large heat rejection rates per volume
with cooling system components carrying overall weight and volume as
small as possible.

Traditional air convection cooling methods can no longer satisfy the
requirement of cooling demand for the high heat generation rate in
small spaces. Instead, liquid cooling is preferred over air due to higher
heat transfer coefficients and specific heat capacity [1]. On the other
hand, microchannel heat sink (MCHS) is a promising cooling method in
the electromechanical industry because these heat sinks with high
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degree of integration can remove heat from a surface at higher rates,
which can reach 790 W/cm?, owing to large surface area to volume
ratios [2]. Although this method ensures significant heat transfer en-
hancement, it yields to additional pumping power costs due to pressure
drop increase in microchannels. Thus, the MCHS systems should be
evaluated and optimized considering both heat transfer and fluid flow
characteristics through channels.

The studies performed for MCHS systems can be generally classified
as active, passive and compound heat transfer enhancement methods.
Typically, the passive method is preferred over active one since this
method does not require any external power and utilizes surface
modification by joining inserts into the tubes. When the passive heat
transfer enhancement methods are considered in detail, it is noted that
a large number of studies show the use of passive heat transfer en-
hancement methods to produce more efficient and compact electronic
devices.

The MCHSs possessing corrugated configuration including wavy,
zigzag and convergent-divergent sections has a great advantage for
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micro-cooling applications because it ensures high flow mixing between
warmer and colder fluid streams. This can be actually achieved when a
surface modification is employed on a base wall of the MCHS system or
a flow disruption is induced in a microchannel yielding higher overall
thermal performance [3-12]. Wan et al. [4] performed a comparative
study between half-corrugated and flat microchannel. They pointed out
that wave amplitude can be neglected for their specific flow region and
geometrical specifications as the wave length has significant impact on
a pressure drop. Furthermore, they specified that half-corrugated
MCHSs have a better overall thermal performance than other corru-
gated MCHSs. The study performed by Aliabadi et al. [5] showed the
effect of a sinusoidal wave length and amplitude on cooling perfor-
mance for the Reynolds number of 60-4000. They concluded that the
heat transfer coefficient enhanced nearly 200% for a specific wave
length and amplitude. Different corrugated geometries of MCHS in-
cluding triangular, trapezoidal and sinusoidal were also investigated
and compared with straight MCHS [6]. It was reported that the MCHS
geometry with sinusoidal corrugation shape for a specific corrugation
length and amplitude illustrates the best performance. Moreover, they
concluded that decrease in corrugation length and increase in corru-
gation amplitude contributed to the enhancement of the Nusselt
number and pumping power for all cases. Periodic flow field, a peri-
odically repeated flow condition, in a periodic zigzag channel was in-
vestigated by Zheng et al. [8] and [13]. The periodic flow field in
periodic zigzag channel was observed for Re < 200 while this periodic
flow was no longer present for Re > 400 due to chaotic advection and
strong Dean vortices [13]. It was also noted that transition of flow from
steady to unsteady flow occurs at about Re = 215 in the zigzag channel
and this situation is much lower than predicted numerical results [8].
Furthermore, they speculated that early transition can be triggered by
small inlet disturbances in the experiments. The numerical optimization
study was carried out by Rostami et al. [9] to determine optimum wavy
microchannel geometry ensuring maximum Nusselt number. They
emphasized that there is optimum wave geometry depending on the
presence of the recirculation zones and secondary flows, which can be
defined as fluid motion, which is perpendicular to the main flow di-
rection, and their dependence on the Reynolds number and geometrical
parameters.

Moreover, Lu et al. [11] carried out a study to thermal-fluid char-
acteristic of wavy microchannel heat sink with porous fin. They stated
that the heat transfer performance improved depending on combination
of enhanced coolant mixing, prolonged flow route and forced permea-
tion by the jet-like impingement. The other study performed by Lin
et al. [12] investigated different wavelength and amplitude and theirs
effects on heat transfer performance. They have concluded that de-
creased wave length or increased amplitude ensures lower thermal re-
sistance and smaller temperature difference on the bottom wall. Also,
they have specified that the optimum design of wave length and am-
plitude difference between two adjacent wavy channels ensure the best
heat transfer performance.

Another mechanism used to enhance heat transfer performance is
the use of cavity in a microchannel owing to its ability of flow dis-
ruption, which promotes flow instabilities and increased flow mixing.
The proper design of this type of microchannel ensures low pressure
drop and high thermal performance when compared to a straight mi-
crochannel. Parametric numerical studies were performed to examine
the flow and heat transfer in a microchannel with dimples [14-17]. It
was realized that existence of a dimple in the channel can result in a
transverse convection and this can be very important in terms of con-
vection heat transfer enhancement. Ahmed E. and Ahmed M [16].
conducted a numerical study investigating the effect of the different
geometry variables and the Reynolds number. They obtained the op-
timum groove tip length ratio, groove depth ratio, groove pitch ratio,
groove orientation ratio and Reynolds number. The remarkable point of
this study is that the orientation ratio of the groove showed the op-
timum thermal performance for symmetrical grooves (orientation ratio

International Journal of Thermal Sciences xxx (XXXX) XXX—XXX

of groove was 0.00). Thermal-hydraulic performance of reentrant
cavity used in microchannel heat sink was investigated by Xia et al.
[17]. They stated that the significant heat transfer enhancement results
from the increased heat transfer area, redeveloping of boundary layer,
jet and throttling effects and slipping over the reentrant cavities.

Another flow disruption method is the use of a rib in MCHS. A rib
has the ability to interrupt and redevelop boundary layers and ensure
forming vortices; therefore, causing increase of flow mixing in a
channel. Zheng et al. [18] conducted a numerical study investigating a
discrete inclined rib in a tube. They emphasized that inducing long-
itudinal swirl flow ensures suitable fluid mixing between core flow and
near wall region; as a result, a considerable enhancement of heat
transfer performance was documented. Xia et al. [19] investigated the
thermal-hydraulic characteristic of a circular, square and diamond pin
fin in a microchannel. It was concluded that the diamond pin fin en-
sures the best heat transfer enhancement because the vortices were
easily involved in the main flow and they observed a high vortex in-
tensity behind the fin. The study investigating fluid flow and heat
transfer in a microchannel with various longitudinal vortex generators
was performed by Chen et al. [20]. It was concluded that the critical
Reynolds number was lowered below 1000 with the help of a vortex
generator.

Another important flow disruption method is the use of rib and
cavity combination together. There are many advantages of this method
since the presence of jetting and throttling can increase the flow mixing
because of intensive vortices and ensuring a larger flow area in the
channel [21-26]. Ghani et al. [21] showed that the use of rib and cavity
combination in the flow considerably augments overall performance in
MCHS. Furthermore, it reduces the effect of stagnation zones and pro-
motes disturbances. Li et al. [23] stated that this type of MCHS shows
more uniform and lower temperature at the bottom surface of MCHS
when compared to MCHS without cavity and rib. Zhai et al. [24] per-
formed an experimental study investigating the hydrodynamics of
MCHS with cavity and rib. Accordingly, the vortices formed in cavities
and ribs intensified the flow turbulence with the increase of Reynolds
number while the vortices in cavities were not observed at low Rey-
nolds numbers.

MCHS with secondary channel or a combination of secondary
channel and rib is the other important enhancement method used by
researchers. Specifically, Ghani et al. [27] studied the combined effect
of secondary flow and rib and they concluded that use of this technique
contributes about 50% reduction in pressure drop due to the ribs ex-
istence. Another study performed by Kuppusamy et al. [28] only in-
vestigated the effect of secondary flow in MCHS. They found that the
overall performance with optimum geometry increased by 146% and
thermal resistance reduced to 76.8% when compared with simple
MCHS. In addition, they highlighted that more fluid diversion into the
secondary passage ensures forming of vortices in secondary passage,
redevelopment of boundary layer and larger heat transfer area. Lastly,
offset strip fin is another enhancement method. In this method, flow
moved in short passages and then encountered the offsetting fins which
split the flow streams and deviated their direction to move around the
fins in this method [29]. Yu et al. [30] presented a study investigating
MCHS with a Piranha Pin fin. This design disturbed the velocity field
and ensured separation and mixing causing heat transfer enhancement.
Furthermore, they specified that fluid extraction results in a consider-
able augmentation of the Nusselt number while reducing the pressure
drop.

Beside the surface modification studies, there are some optimization
studies considering some geometric parameters in MCHS. Wang et al.
[31] obtained optimal designs of nanofluid-cooled MCHS by optimizing
channel number, channel aspect ratio and width ratio of channel to
pitch at fixed and various constraint conditions. Another study carried
out by Lin et al. [32] proposed a design strategy for double-layer MCHS.
It investigated six design variables and optimized these variables by
searching for a minimum of global thermal resistance at fixed and
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Fig. 1. Geometric models: (a) a microchannel with no cavity and rib (MC-NCR); (b) a microchannel with asymmetric cavity (MC-AC) (c) a microchannel with
asymmetric rib (MC-AR) (d) a microchannel with symmetric cavity and rib (MC-SCR) (e) a microchannel with asymmetric cavity and rib (MC-ACR).

various constraint conditions. Another study on optimization of double-
layered MCHS with truncated top channels was performed by Leng
et al. [33]. They concluded that the truncated MCHS was highly re-
commended for larger channel number, smaller channel to pitch width
ratio, smaller total pumping power to enhance performance.

Previous literature indicates that most of the studies on MCHSs were
conducted by considering only one enhancement method instead of a
combined method or ignored the temperature uniformity and pick
temperatures forming on the baseline wall. However, the present nu-
merical study revisited surface modification methods and focused on
the investigation of thermal-hydraulic performance and temperature
uniformity on the MCHSs. Since temperature gradient in an electronic
device can undermine the performance of the device and even shorten
the life of a device, it is aimed to evaluate temperature uniformity and
identify any temperature picks for the studied cases to eliminate
thermal runaway. In the current work, the studies performed was
classified as corrugated MCHS, cavities in MCHS, rib in MCHS, cavity
and rib together in MCHS, secondary channel in MCHS, offset strip fin
in MCHS and interrupted wall channel. Particularly, MCHSs possess
various cavity, rib or combination of theirs used in a cooling plate of
electrochemical battery. Moreover, the mechanism between of fluid
flow and heat transfer enhancement has been evaluated in detail and
revealed the importance of surface modification on overall perfor-
mance.

2. The design of a microchannel heat sink

In this study, different types of microchannel designs are used and
they are illustrated in Fig. 1. These microchannels are named: micro-
channel with no cavity and rib (MC-NCR), microchannel with asym-
metric cavity (MC-AC), microchannel with asymmetric rib (MC-AR),
microchannel with symmetric cavity and rib (MC-SCR) and micro-
channel with asymmetric cavity and rib (MC-ACR). Table 1 provides
geometrical details of each microchannel while Fig. 2 shows the re-
presentation of dimensional parameters such as channel width and
length, wave length and amplitude. Meanwhile, channel width and
length and wave amplitude are kept the same for all studied cases;
however, wave length is allowed to be different.

Table 1
Specifications of entire cases.

3. Numerical method

The computational fluid dynamic (CFD) software ANSYS FLUENT
19.0 was used to solve the three-dimensional heat transfer and fluid
flow equations in the computational domain. Fluid flow in MCHS was
assumed to be laminar, steady state, incompressible and Newtonian;
furthermore, viscous dissipation, gravitational force and radiation heat
transfer effects were neglected. Moreover, the Knudsen number (Kn)
was calculated to be less than 102 ensuring that the fluid flow to be
continuum flow and Navier-Stokes equations with classical no-slip
boundary conditions were applicable for this study [34].

3.1. Governing equations

The governing equations of incompressible flow in a microchannel
are provided below in detail. Continuity, momentum and energy
equations were given in equations (1), (2) to (4) and (5), respectively.
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where u, v, w are the velocity components in the x, y and z directions,
respectively while p, P, u, ¢, ky and T are the coolant density, coolant
pressure, dynamic viscosity coefficient of coolant, specific heat capacity
of coolant, thermal conductivity of coolant and temperature of coolant,
respectively.

Apart from the governing equations, related boundary conditions
were determined as follows:

Case Width of MCHS Height of MCHS Wave length (W), Wave amplitude Hydraulic diameter Length of the
(W), mm (H.), mm mm (A), mm (Dy), mm MCHS (L), mm

MC-NCR 1 0.5 0 0.25 0.66 14

MC-AC 1 0.5 2 0.25 0.66 14

MC-AR 1 0.5 2 0.25 0.66 14

MC-SCR 1 0.5 1.732 0.25 0.66 14

MC-ACR 1 0.5 1.732 0.25 0.66 14




E. Bayrak et al.

International Journal of Thermal Sciences xxx (XXXX) XXX—XXX

Fig. 2. Schematic representation of MCHS.
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Table 2
Mesh independence test for the MC-NCR.
No Re Grid Number x 10° AP (Pa) e (%)
1 600 0.672165 1434.615 0.74
2 600 0.839865 1438.371 0.48
3 600 1.007565 1441.059 0.29
4 600 2.68593 1445.3 -
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Fig. 4. The validation graphic of pressure drop versus Re.

() (c)

Fig. 3. Three-dimensional hexahedral mesh structure of MC-SCR and its boundary layer (a) general view (b) x-z cross section (c) x-y cross section.

(1) The uniform velocity and temperature were applied at the inlet of
the microchannel. This implies that velocity driven flow was uti-
lized in the present study since uniform velocity was applied for the
inlet boundary condition. Therefore, the inlet velocity is in the z
direction and its value was 0.9205 m/s, the temperature was set to
298.15K.

(2) The relative outlet pressure was taken to be 0 Pa gage pressure at
the exit of the microchannel.

(3) The constant heat flux of 30 kW/m? was employed to the bottom
wall of a microchannel. The other walls were assumed to be adia-
batic.

Lastly, water was used as a coolant in this study because of its
availability, low cost and high heat capacity. The density, the dynamic
viscosity and the conductivity of water were taken to be 997 kg/m?,
0.000891 N s/m? and 0.607 W/m K, respectively.

3.2. Grid independence and validation

The mesh elements of the computational model were generated by
the aid of ICEM CFD meshing program. As the grid type for the entire
domain was set to structured uniform hexahedral elements, the mesh
quality was given in detail as shown in Fig. 3. A finer mesh resolution
was applied for the near wall region to capture the velocity and tem-
perature gradients. Second-order upwind scheme was used to discretize
the convection terms while the Semi-Implicit method for Pressure-
Linked (SIMPLE) algorithm was used to accomplish the pressure-velo-
city field coupling [3,9,16,18,27,28]. Furthermore, the residual cri-
terion was set to 10~ * for continuity and momentum equations while
iterations continued until 10~ ° for the energy equation.

A grid independence test was performed to obtain the most con-
venient mesh structure ensuring high accuracy with less computational
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Fig. 5. Velocity contours for (a) MC-AC and MC-AR (b) MC-SCR and MC-ACR and velocity vector plots for (¢) MC-AC and MC-AR (d) MC-SCR and MC-ACR.
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effort. The number of mesh elements were changed from 0.672 million
to 2.685 million for the Reynolds number (Re) of 600 in the test.
Table 2 briefly demonstrates the relative error defined in equation (6)
between the finest grid (G;) and the other grids (Gz). It can be con-
cluded that the computational model with 1.007 million provided a
reasonable error for the pressure drop value compared to the other
models with different number of elements.
=197 095100
G (6)
On the other hand, the pressure drop values obtained from nu-
merical simulations were validated with an analytical study for the MC-
NCR using the correlations of Steinke & Kandlikar [27] as shown in
equation (7),

_ 2(RepunL, | a(x)pu,
D} 2

AP
)
where o (x) is defined in equation (8) below as and AR denotes the
aspect ratio of microchannel.

a(x) = 0.6796 + 1.2197(AR) + 3.3089(AR)* — 9.5921(AR)3

+ 8.9089(AR)* — 2.9959(AR)* (€)]

Fig. 4 shows the deviation between present simulation's findings
and analytical results from Steinke & Kandlikar [34] for different
Reynolds numbers. equation (7) considers developing region effects
besides friction and it estimates the fully developed region to begin
with a fix length. Therefore the difference could be due to the fact that
Steinke and Kandlikar may be over predicting the pressure drop value
at higher Reynolds number values since similar differences have been
identified at some other studies [10,14]. It can be concluded that the
present simulation results are in good agreement with analytical results
and current CFD model with 1.007 million elements can be further used
to investigate the thermal-hydraulic performance of other studied cases.

3.3. Data reduction

This section presents the expressions used in this study to identify
the thermal-hydraulic characteristics of microchannel heat sinks by
applying the constant heat flux from the bottom wall.

The hydraulic diameter Dy and Reynolds number Re are expressed
in equations (9) and (10), respectively as:
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PVDy
u (10)

Re =

where V, H. and W, are mean velocity, height and width of micro-
channel, respectively.
The friction factor is calculated by the pressure drops:

2Dy AP
f= >
LoV

an

The term of L and AP denote the total length of microchannel and
the pressure drop across microchannel, respectively.
The average heat transfer coefficient is defined as

qAy

g = ——d
“e Ac (Tw,avg—Tf,avg)

12)

The terms of q, Ag, Ac, Tw,avg and Tgq,, denote the heat flux per unit
area, the heated area, the convection heat transfer area, the average
wall temperature and the average fluid temperature respectively. Arand
A, were considered equal in this study; therefore, the ratio of Asto A,
becomes 1. Average wall and fluid temperatures in the present study
are calculated thru the numerical model via Ansys CFD Post.

The average Nusselt number is expressed as,

hangH

Nu=— 13)

where k denotes the thermal conductivity of the cooling fluid, namely
water.

The overall performance of the studied cases was evaluated using
the performance factor. It is defined as the Nusselt number ratios over
friction factor ratio to the power of one third [35], which can be for-
mally written as:

_ Nu./Nuy

{= (fe/fo)l/S

a4

where subscripts e and o are the cases that ensure the enhanced mi-
crochannel and smooth microchannel, respectively.

ATy = Tipax — Tnin (15)

AT, is defined as the temperature difference between maximum and
minimum temperature on the heated surface to reflect the uniformity of
temperature distribution of the MCHS [26,36]. Furthermore, the terms

Dy = _2HW. Tnax and Ty, represent the value of maximum and minimum tempera-
He + W 9 tures on the heated surface.
B & S of;y“ SRy
A A R i
[ | == ||
Pressure [Pa]
Contour 1

(a)

(b)

(©)

Fig. 6. Cases where negative pressure values were observed (a) MC-AR (b) MC-SCR (c) MC-ACR.
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4. Results and discussion given in the following sections in detail.
A comparative analysis was performed in terms of heat transfer and 4.1. Fluid flow characteristics
fluid flow characteristics to evaluate the impact of different MCHS
geometries. Furthermore, overall performances of MCHS geometries Fluid flow characteristics play an integral role in understanding
were determined related to fluid flow and heat transfer equations as physics of fluid flow in the microchannel geometries. Therefore, velo-

specified in the data reduction section. The findings of the study are city and pressure contour plots were obtained for the computational

(c)

Fig. 7. The detailed view of pressure drops and velocity vectors (a) MC-AR (b) MC-SCR (c) MC-ACR.
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(b)

Fig. 8. (a) The formation of vortex in MC-SCR (b) the vortex bubble occurring
after the last cavity in MC-SCR.

domain and demonstrated here. Fig. 5 shows velocity contour and ve-
locity vector plots of five different microchannel geometries, namely a
straight rectangular channel (i.e., MC-NCR) and channels with various
corrugation shapes. It was noticed that fluid flow velocities were ob-
tained to be very low even nearly zero at some locations inside the
corrugation region implying that heat transfer due to convection may
be heavily undermined. Besides, presence of corrugation affected main
flow characteristics by decreasing the channel passage where fluid flow
was accelerated. While higher velocities in the channel passage may
imply flow regime to be in transition or in turbulent, fluid flow velo-
cities, pressure and temperature contours do not possess any fluctuation
in the present study indicating flow regime to be laminar.

When pressure variation in the rectangular channel was considered,
all studied cases showed pressure drop across the channel length due to
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viscous effects. However, back pressure (i.e., vacuum pressure) was also
observed at some regions for the cases of MC-AR, MC-SCR and MC-ACR.
Thus, Fig. 6 is given here to provide the static pressure gradients for
these cases. When fluid flow characteristics in these geometries are
investigated more closely, secondary flow formations (i.e., fluid motion,
which is perpendicular to the main flow direction.), vortices and re-
circulation zones can be observed. Briefly, the main flow velocity in-
tensely decreased at the reentrant cavity zone due to the sudden ex-
panded flow area [25]; furthermore, fluid entering into the cavity
region was partially trapped and caused circulation regions. It was
noted that the velocities within the cavity structure were much lower
than the central portion of flow and the main flow pulled warmer fluid
in the cavity to the central region. This resulted in laminar flow stag-
nation and pressure drop increment. This local circulation of flow is
facilitated by mixing of colder water at the core flow and the warmer
water near the channel wall [25].

Fig. 7 was also plotted to illustrate pressure variation, more speci-
fically negative pressure with velocity vectors in more detail at the
cavity region. When the flow velocity decreases anywhere in a channel,
the static pressure increases at those regions; therefore, it is reasonable
to observe negative pressures at these zones of the channel.

Fig. 8 (a) and Fig. 8 (b) show the formation of vortex in MC-SCR and
the vortex bubble occurring after last cavity in MC-SCR, respectively.
Pressure variation in the channel can sometimes cause separate flow
regions indicated by the dashed line as shown in Fig. 8 (b). This sepa-
rated flow, which can provide extra advantage in terms of heat transfer
as pointed out by Zheng et al. [7], appears just after the final cavity for
each case at different sizes. Moreover, the recirculation zones, which
have a negative effect on heat transfer, are seen at the some locations.
While positive pressure in the central region is observed, negative
pressure values are seen in the cavity regions. The detailed effect of
secondary flow and recirculation on thermal performance is going to be
investigated with temperature outcomes in detail in the following sec-
tions. Lastly, boundary layer break up occurs when the flow separates
from the leading edge of cavity and chaotic mixing discussed by
Refs. [17] and [25] causes heat transfer improvement.

In addition to separated flow regions, previous studies discuss that
longitudinal vortices can enhance the global heat transfer coefficient of
a channel since these vortices nearly sweep the entire channel length
while transverse vortices can only augment the local heat transfer
coefficient of a channel [37]. Furthermore, based on a numerical ana-
lysis it was also reported that the presence of more multi-longitudinal
vortices in the tube yields to more remarkable turbulent heat transfer
enhancement for the tube side [38]. The longitudinal vortex heat
transfer enhancement technology can improve the convection of the
heat transfer performance effectively and is defined as the third-gen-
eration heat transfer technology [39]. For example, Fig. 9 and Fig. 10

ANSYS
R19.0

Academic

Fig. 9. The forming of longitudinal vortices in the MC-SCR (7.3 mm away from the inlet).
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Fig. 10. The forming of longitudinal vortices in the MC-ACR (7.3 mm away from the inlet).

demonstrate the presence of longitudinal vortices for the case of MC-
SCR and MC-ACR; therefore, the highest heat transfer is predicted for
these cases. These figures show the x-y section areas of the MC-SCR and
MC-ACR (i.e., perpendicular to the flow direction), which are nearly
7.3 mm away from the channel inlet as marked with yellow regions. It is
also noted that the MC-SCR possesses vortices at each side due to the
existence of two mutual cavities while the MC-ACR holds only one side
since there is a cavity and a rib mutually for this case. Lastly, Meng
et al. [38] reported that these types of vortices improve the temperature
distribution along the microchannel although this finding was not ex-
actly obtained in the scope of the present study.

4.2. Heat transfer characteristics

The baseline wall of a cooling plate works as an interface between a
cooling plate and a device and this region is one of the most important
part for electromechanical devices because temperature variation in
these devices can directly affect the performance of the device and even
can shorten the life of these devices. Therefore, it is required to have
temperature uniformity on the wall as much as possible. Furthermore,
temperature picks on the wall are not allowed since this can cause
thermal runaway and eventually undermine the device's lifespan.

Fig. 11 illustrates temperature variation of the baseline walls (i.e.,
heated walls) for the entire cases. It was observed that temperature
uniformity is directly affected by the positions of the cavities in the
channel. When the cavities are placed asymmetrical, the main flow is
directed in such a way that flow follows a path sweeping most of the
baseline wall. This causes a small temperature gradient for the baseline
wall in the studied cases. Furthermore, when the cross-sectional area of
the microchannel gets smaller, the main flow is accelerated at those
regions (i.e., out of the cavities) to satisfy conservation of mass.
Therefore, well-mixed hot and cold fluids can be observed at ac-
celerated flow regions. This can be seen as an improvement of flow
disturbance since these regions provide low temperature values and
similar findings were also discussed by Zheng et al. [13]. They also
pointed out that optimum interaction of ribs and cavities in the chan-
nels enhances heat transfer significantly. On the other hand, 5-6 K
temperature variation was observed in the last cavity of MC-SCR since
the cavity pattern of this case traps the fluid flow causing a vortex
bubble as seen in the red dash enclosed area of Fig. 8 (b). The trapped
flow in this region could not be removed or carried with the main flow
causing the existence of low velocity regions results in higher tem-
peratures at these locations.

Another important parameter is the temperature distribution at the
heated bottom wall because a more uniform temperature distribution
on the interface wall ensures a prolonged lifespan of electronic device

[40]. Table 3 shows the uniformity of temperature distribution on the
baseline. According to the results shown in Table 3, the MC-AC is the
best design depending on the maximum temperature rise of AT}, while
the MC-SCR is the worst.

It is also noted that although the flow is assumed to be laminar,
vortices are formed because of flow separation in the flow domain.
However, this forming vortex and fluid flow is totally laminar since
there is not any fluctuation in velocity, pressure or temperature profiles
in the solution domain. On the other hand, while both thermal and
hydrodynamics entrance lengths play a significant role in heat transfer
analysis of microchannels, the present study findings stay in developing
flow region for both thermally and hydrodynamically.

4.3. Performance evaluation

The most important requirements in microelectronic cooling appli-
cations are high heat transfer rate, low pressure drop and temperature
uniformity at the contact region between device and cooling plate.
Therefore, these concerns are needed to be considered altogether to
design reliable and efficient micro-cooling equipment. In this part of the
study, heat transfer enhancement factor, Nu./Nu,, pressure drop pen-
alty factor, f./f,, and overall performance factor, £ (as specified in Eq.
(14)), for each simulated case at Reynolds number of 600 were eval-
uated and presented in Fig. 12.

Specifically, Fig. 12 (a) shows heat transfer enhancement values of
MC-NCR, MC-AC, MC-AR, MC-SCR and MC-ACR cases. As the MC-SCR
shows the best heat transfer performance, the MC-NCR has a poor heat
transfer rate as expected. It is noted that the existence of symmetric
cavity and ribs orient the flow in such a way that flow mixing causes
augmentation in heat transfer. When the pressure drop is considered,
the MC-ACR generates much more pressure drop compared to other
cases as shown in Fig. 12 (b). The reason is the intense effect of re-
circulation and secondary flows as observed at the some channel lo-
cations. On the other hand, if both heat transfer and pressure drop
characteristics are taken into account together, it is seen that the overall
performance for the MC-AC, MC-AR and MC-SCR are more superior
than the MC-NCR case. The overall performances are evaluated to be
8.54%, 6.25% and 0.17% for cases MC-SCR, MC-AC, and MC-AR, re-
spectively. The interesting point is that the high pressure drop results in
a significant decrease in overall performance; therefore, the MC-SCR
illustrates the best channel design in terms of overall performance.

Geometric models: (a) a microchannel with no cavity and rib (MC-
NCR); (b) a microchannel with asymmetric cavity (MC-AC) (c) a mi-
crochannel with asymmetric rib (MC-AR) (d) a microchannel with
symmetric cavity and rib (MC-SCR) (e) a microchannel with asym-
metric cavity and rib (MC-ACR).
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Table 3

Uniformity of temperature distribution on the baseline.
Case Tmin Tmax ATy
MC-NCR 298.317 303.749 5.432
MC-AC 298.318 303.500 5.182
MC-AR 298.318 305.707 7.389
MC-SCR 298.321 306.931 8.610
MC-ACR 298.321 305.909 7.588

10

(©

Fig. 11. The temperature distribution of baseline wall (heated wall) (a) MC-NCR (b) MC-AC and MC-AR (c) MC-SCR and MC-ACR.

5. Conclusion

The effect of surface modification on thermal-hydraulic perfor-
mance of the microchannel heat sinks (MCHS) was numerically in-
vestigated in detail under constant Reynolds number. The heat transfer,
pressure drop, overall performance and temperature uniformity on
baseline was also evaluated. The main conclusions extracted from this
study are as follows:

1. The case of MC-SCR is the best in terms of heat transfer and overall
performance through the positive effect of the combination of cavity
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Fig. 12. Thermal-hydraulic performance for entire case (Re = 600) (a) heat transfer enhancement (b) pressure drop penalty (c) overall performance.

and rib. In addition, the vortices belonging to MC-SCR are con-
siderably seen at both longitudinal and transverse axis and the jet-
ting and throttling effect is dominant for this case when compared to
other cases. The overall performance is followed the MC-AC, MC-
AR, MC-NCR and MC-ACR, in descending order.

. The best temperature uniformity on the baseline wall has been de-
tected for MC-AC and the related case is about 40% better when
compared to MC-SCR.

. Although the case of MC-ACR is close to MC-SCR in terms of heat
transfer, the overall performance is the worst one, even lower than
MC-NCR because the recirculation zones are rather intensive in the
cavities and they result in high pressure drop.

. Vortices forming in cavity are an important phenomena for in-
creasing heat transfer because they ensure a beneficial mixing be-
tween cold and hot water streams. However, an unsuitable cavity
design can result in the increase of recirculation zones impeding
heat transfer between near walls and core flow and cause pick
temperature regions at local regions.

. The temperature increase is observed intensively at the case of MC-
AR, MC-SCR and MC-ACR since the cavity pattern of this case traps
the fluid flow causing a vortex bubble. As similar to recirculation
zone in cavity, the trapped flow in this region could not be removed
or carried with the main flow causing existence of low velocity re-
gions resulting in higher temperatures at these locations.
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