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Abstract

With the rapid increasing heat fluxes released from micro electronic devices, thermal management of electric components
faces huge challenge. High working temperature generated by the chip will directly affect its performance. It is essential to
develop advanced model to enhance heat transfer. In this study, a new microchannel heat sinks with impinging jets and
dimples (MHSIJD) model with side outlets was proposed. Computational fluid dynamics simulation methodology with
RNG k—¢ turbulence model was used to investigate the performance of MHSIJD with side outlets. Valuation indices
including thermal capability, pump consumption and overall performance were analyzed. Three models were compared
with basic model (MHSIJD without side outlets): the cross section of the side outlet was set as 0.2 x 0.2 mm (Case 1),
0.4 x 0.4 mm (Case 2), and 0.6 x 0.6 mm (Case 3). The results showed that: (1) the MHSIJD with side outlets performs
better heat transfer characteristic due to the alleviation of drift phenomenon. The heat transfer capacity can be increased by
up to 17.51%; (2) the MHSIID with side outlets exhibits a lower pressure drop, which can be reduced up to 22.39%; and (3)
the overall performance of MHSIJID with side outlets is better due to its higher cooling efficiency and lower pump
consumption.
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o, Inverse effective Prandtl numbers for ¢
p Volume coefficient of expansion (1 K™')
0 Kronecker delta

€ Turbulent dissipation rate

u Dynamic viscosity (Pa s)

L Turbulent viscosity

T Thear stress caused by viscosity (N m™2)
p Density (kg m ™)

AP Pressure drop (Pa)

Subscripts

f Fluid

in Impinging jet inlet

out Channel outlet

i, j  Any direction of x, y and z
w Cooled surface

a Time average of a

T Temperature

Introduction

With an increase in the number of transistors in electronic
chips, the heat flux density of a new generation of electrical
devices has reached 100-1000 W cm 2. The reliability of
electronic components is closely related to their operating
temperature. When the temperature approaches 70-80 °C,
the reliability declines by 10% for every 2 °C increase in
temperature [1]. The maximum heat flux density of a heat
sink based on fan cooling technology is approximately
100 W cm™? [2]. Traditional heat transfer technology
cannot meet cooling requirements [3], as large flux gen-
eration places greater demand on the cooling capacity of
electronic devices. In 1981, Tuckerman and Pease [4]
proposed the concept of microchannel heat sinks (MHS),
confirming that water-cooled MHS have a cooling capacity
of 790 W c¢m 2. Since then, many researchers have carried
out in-depth research on MHS. Recently, most of studies
have focused on analyzing structural changes [5, 6], dif-
ferent working fluids [7-10], and the effects of their
combination [11-13], which have a great impact on heat
dissipation [14-16].

MHS with different channel structures demonstrate
different heat diffusion effects [17-19]. There have been
many articles comparing the heat transfer performance of
microchannels with different cross-sectional shapes, but
inconsistent conclusions have been drawn. Chen et al. [20]
pointed out that the triangular channel has the best cooling
efficiency, followed by the trapezoidal channel, whereas
the rectangular channel shows the worst heat transfer
characteristics. However, the rectangular channel was
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found to be better than a triangular or trapezoidal channel
in terms of heat transfer [21]. Wang et al. [22] further
investigated the influence of the cross-sectional shapes and
aspect ratios of microchannels on heat transfer by keeping
the cross-sectional areas unchanged. Numerical results
indicated that the minimum thermal resistance was
accompanied by a rectangular cross section, whereas the
triangular cross section exhibited maximum thermal resis-
tance. A rectangular microchannel with a higher aspect
ratio usually demonstrated lower thermal resistance within
a given cross-sectional area, consistent with the conclu-
sions of Xie et al. [23] and Cao and Chen [24].

In a long, straight, rectangular microchannel, the thermal
boundary layer will become thicker along the flow direction,
which is a major problem that inhibits heat transfer. Dean
vortices can quickly develop along the flow direction and
disturb the boundary layer [25], which is beneficial to
enhancing heat transfer in a wavy microchannel at a mod-
erate Reynolds number [26]; channels with a wavy top and
bottom can provide improved overall thermal performance
compared to straight channels [27].

An effective way to enhance heat transfer involves
increasing the disturbance, including through the use of
impinging jets, pin fins, dimples, vortex generators, and
other means. Impinging jets help fluids mix better and thus
play a role in reducing boundary layer thickness, which can
significantly improve heat transfer [28]. However, if
microchannel heat sinks with impinging jets (MHSMIJ)
work under unsteady impinging jets and heat flux, the
thermal fatigue phenomenon can easily follow and shorten
the longevity of MHSMIJ [29]. The flow and heat transfer
performance of different jet microchannels (MIJ) have
been studied through experiments and numerical simula-
tions [30-32]. Results indicate that the velocity of jet fluid
exerts a great influence on heat transfer performance. When
the jet wvelocity is small, heat dissipation of the
microchannel is dominant; at a high velocity, however, the
heat dissipation effect of the jet is dominant. Moreover, the
critical heat flux density of a heat sink can also influence
subcooling of the cooling medium. A water-cooled
impinging jet microchannel radiator increases the pressure
drop caused by impact to enhance heat transfer. Under
certain conditions, MIJ with air as a working medium
performs better than water [33]. The model’s cooling
efficiency is 48.5% higher than the microchannel using
water, and the pressure drop is reduced by 90.5%.

Pin fins are regarded as an excellent spoiler for high
thermal conductivity and play an important role in heat
transfer enhancement [34, 35]. Although different struc-
tural parameters [36-38], alignment schemes [37], and tip
clearance [39—41] exert distinct influences on heat transfer
and flow characteristics, they can all increase heat
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diffusivity compared to the smooth wall. However, pin fins
cause a large pressure drop. Excessive pumping power
consumption owing to flow blockage will affect heat
transfer performance [42]. The specific surface area of the
dimple is always smaller than that of the pin fin, and the
expansion ability on the heat exchange surface is slightly
lower. However, there is a smaller retardation effect on the
working medium with a relatively smooth surface, which
conserves substantial pump power consumption. Studies
[43-45] have shown that dimples can boost thermal
transmission by disturbing the boundary layer.
Microchannel heat sinks using nanofluid [46, 47] or non-
Newton [48] fluid have also displayed the same charac-
teristics of heat transfer enhancement.

Microchannel heat sinks with impinging jets and dim-
ples (MHSIID) that combine three cooling technologies
have been found to provide better thermal performance
compared with a single cooling technology [49, 50].
Numerical results indicate that MIJ with convex dimples
exhibit the best cooling performance, followed by those
without dimples, with mixed dimples, and with concave
dimples [51]. An increase in the radius or height of dimples
is beneficial to heat transfer in MIJ with convex dimples
[52, 53]. However, as the upstream jet converges in MIJ,
the crossflow gradually strengthens along the flow direc-
tion, resulting in a drift phenomenon [54]. The main factor
limiting heat transfer enhancement in MHSIJD is cross-
flow, which hinders downstream impinging jets from
coming into direct contact with the cooled surface; this
pattern results in nonuniform temperature distribution. The
local high temperature caused by the drift phenomenon
threatens the operational ability and service life of elec-
tronic devices. In the present study, a new MHSIID
structure with side outlets is proposed, named the com-
pared model, to alleviate the drift phenomenon. Some fluid
is exhausted from the side outlets so the crossflow has less
effect on downstream impinging jets in the new structure.
Conversely, the heat transfer surface area is expanded,
eliciting enhanced heat transfer between the working fluid
and heat sink. Four structures are numerically evaluated in
several aspects: heat exchange, pressure drop, and overall
performance. Results indicate that MHSIJD with side
outlets can lead to higher heat transfer efficiency and a
lower pressure drop than other models.

Model description
Geometric model
Figure 1 presents the integral compared model. Twelve

impinging holes are uniformly distributed on the
microchannel ceiling, with nozzles facing the convex
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Fig. 1 Overall geometric model of MHSIJD with side outlets

dimples with a radius R. The heat of the chip is conducted
to the microchannel via the heat sink below the channel. A
series of outlets are provided at the side wall of channel, in
the center of adjacent dimples except at the most inter-
mediate position. Water is injected through the impinging
holes and acts as a cooling medium. Both ends of the
channel are the main outlets. After the cooling water flows
through the hemispherical dimples, some of the fluid flows
out from the side outlets, and the rest flows in the channel
direction to the main outlet.

Given that the microchannel and dimples along the
X and Y axes are symmetric, 1/4 of the overall model was
simulated to reduce calculation costs. The external faces of
the model are assumed to be adiabatic in this study. Four
outlets of different lengths were studied: 0 mm (basic
model), 0.2 mm (Case 1), 0.4 mm (Case 2), and 0.6 mm
(Case 3). The MHSIJD with side outlets was compared
with MHSIJD without such outlets, called the basic model.
The computational model is displayed in Fig. 2.

Figure 3 shows the front view of the side outlets and
dimples. The center of the side outlets faces the center of
every two adjacent dimples. The lengths of the side outlets
are 0 mm, 0.2 mm, 0.4 mm, and 0.6 mm, respectively. In

Fig. 2 Computational model of MHSIID with side outlets
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Fig. 3 Side outlets of different sizes

Table 1 Geometric parameters of MHSIJID with side outlets

Parameter/mm Basic model Case 1 Case 2 Case 3
L 9.1

L, 0.39

L, 1.43

H 4.15

H, 1.65

H, 1.5

H; 0 0.2 0.4 0.6
w 0.92

Wy 0.5

R 0.275

the geometric model, L, W, and H denote the length, width,
and height, respectively. The impinging hole is a square
with L; as the side length, H; as the height, and L, as the
space between impinging holes. The section of side outlets
is square with a height H;. The width and height of the
microchannel are represented by 2W; and H,, respectively.
Each dimple is a hemisphere with radius R. All geometric
parameters are listed in Table 1.

Governing equations

The MHSIJD has a magnitude in the order of millimeters,
much larger than the free path of a molecular movement.
Therefore, the continuity hypothesis is applied to the
computational model, assuming no velocity-slip at the
wall. The governing equations of incompressible flow in
the microchannel model are as follows:

Continuity equation:

Ou

—=0 1

o (1)
Momentum equation:

6171 - 1 ap 1 0 —

i - __ P 1 o 2

6t % axJ =/ o le 0 6xJ (TJ pu%) @)

Energy equation:
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where — p?uj and — pcpujT' are caused by turbulent
pulsation. RNG k—¢ model are employed for turbulent

treatment, and the two terms were calculated as — pu;uj' =

=49 Where W=

—2pkdy + 2, S and — pepitT =52 o
pCu§ represents turbulent viscosity; k and & represent the
turbulent kinetic energy and turbulent dissipation rate,
respectively; tj; represents thear stress caused by viscosity
which is calculated by 7j; = 2uSj;; Sj; is deformation rate

0

tensor calculated by Sj =3 (2? + 6x> dij is Kronecker

delta function; Prr is turbulent Prandtl number.
Turbulent kinetic equation k:

O(pk)  O(pku;) O Ok
or ax g \ e gy + G + pe (4)

Turbulent kinetic energy dissipation rate &:

O(pe)  O(pew;) O O¢ Ciee
ot + 6xi _an Yeblett 6Xj + k Gk
3 n(1—=mn/ny)] &
e L [T

where iy = p+ 1 o and o represent the inverse
effective Prandtl numbers for k and ¢, respectively, which
can be set as 1.39 and 1.39, respectively. Gy denotes the
generation of turbulent kinetic energy due to the average
velocity gradient; 1 = %, and 1y was set as 4.38; f is
volume coefficient of expansion can be set as 0.012; C,,

Cie, and C, are empirical constants which can be set as
0.085, 1.42, and 1.68, respectively.

Boundary conditions

In this simulation, the entrance of impinging holes is set as
the inlet boundary with water as the working fluid. A
uniform inlet velocity and temperature of 280 K are
adopted; the velocity is perpendicular to the inlet surface,
and the mass flow is within the range of 1-6 g s~ under
Reynolds number from 213 to 1276. The relative outlet
pressure is set at 0 Pa. The Reynolds number is defined as

inD
Re = 'DMM (6)

where u;, is the velocity of the jet inlet. D represents the
hydraulic diameter of a impinging jet.

The overall model is symmetrical in the X and Y direc-
tions. Symmetry boundary conditions are applied to length
and width; that is, the model is halved in the X and Y di-
rections. Both symmetry surfaces are adiabatic, and the
velocity gradient is zero. A constant heat flux of
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500 W cm ™2 is applied at the bottom of the heat sink,
representing heat distribution from electronic devices. The
flow-solid interface is a no-slip surface with equal heat flux
on both sides.

Mesh processing

Computational area discretization is a critical step in
computational fluid dynamics (CFD). The fluid region
includes impinging holes and the microchannel; the mesh
result is shown in Fig. 4. To balance the cost, time, and
accuracy of computational solutions in CFD, two mesh
types are used in this model. Unstructured tetrahedral grids
are used in the fluid zone and part of the region close to the
channel; hexahedronal grids were are in the other domain.
The spacing of grids in the water-flow zone is reduced
because heat transfer is important in this region.

Computational procedure

The simulation was performed in ANSYS FLUENT 14.0.
The microchannel heat sink is composed of red copper with
inner turbulence. The standard wall function is used for the
near-wall treatment; the RNG k—¢ model is used for the
turbulent treatment to simulate flow and heat transfer in the
fluid region [55]. The SIMPLE algorithm is applied for
pressure—velocity coupling. The discretization scheme is
set as second-order upwind. The convergence residual of
the energy equation is 1077 and 10~ for other equations.

Fig. 4 Grid system of
computational model

(a) Mesh of the overall model

Verification of mesh independence

To verify grid independence in the calculation, for the
basic model, three mesh numbers are tested with a mass
flow of 2 g s~ with 2,966,000 meshes, 3,428,000 meshes,
and 3,701,000 meshes. As shown in Table 2, the average
temperature of the cooled surface is 349.16, 347.56, and
347.54 K, respectively, with a relative error being less than
1%. Therefore, 3,428,000 meshes were chosen for
numerical calculations to guarantee sufficiently accurate
results.

Model validation

To verify the feasibility of RNG k—¢ model, we created a
model which was consistent with the experimental geo-
metric specifications in the reference by El-Gabry and
Kaminski [56]. Air cooled the target surface at a jet Rey-
nolds numbers (Re) of 15,000 to 35,000, and flow exited in
only one direction. A comparison of numerical and
experimental data of average Nusselt number (Nu) of target
surface is plotted in Fig. 5, respectively. A good overall

Table 2 The results of verification of mesh independence

Mesh cells The average temperature of the cooled surface/K
2,966,000 349.16
3,428,000 347.56
3,701,000 347.54
-
-

(b) Mesh of the dimple rotated 135°

(c) Mesh of the fluid region
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Fig. 5 Comparison of numerical and experimental data in literature of
average Nusselt numbers on target surface

agreement is found, and the maximum of relative error is
10.3%. The relative error between simulation results and
the experimental data mainly can be attributed to two
reasons. On the one hand, due to the inherent limitations of
the RANS numerical model, the results can only be
obtained based upon the ideal theoretical models. On the
other hand, the use of the consumptions, i.e., the adiabatic
conditions of the wall surfaces, in numerical calculations
may also cause differences between the simulation results
and the experimental data.

Results and discussion

To study the effect of the cross-sectional size of side outlets
on MHSIID, we compare different schemes by analyzing
heat transfer characteristics, flow resistance, and overall
performance, considering flow and heat transfer.

Analysis of heat transfer characteristics

Figure 6 shows the velocity distribution on the symmetry
plane of MHSIJD. For the given model and conditions, the
flow velocity in the channel gradually increases along the
direction of the X axis due to the accumulation of upstream
fluid, forming a stronger and stronger crossflow. Along the
X direction, as the crossflow becomes stronger, it produces
a greater drifting effect on downstream jets. The drift
phenomenon is alleviated as the side outlets become larger.
For the basic model, the downstream jet near the main
outlet directly escapes from the main outlet due to the
strong scouring force of the crossflow. This phenomenon is
due to fluid discharge from the side outlets; as the side
outlets areas increases, the crossflow in the channel
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declines, alleviating the deflection effect on jets caused by
crossflow. The fullest contact occurs between jets and the
cooled surface in Case 3, as shown in Fig. 6.

Figure 7 indicates the temperature distribution on the
symmetry plant of MHSIJD. For the given model and
conditions, the temperature of the heat sink rises along the
X direction for the following reasons. (1) According to the
theory of full development of the boundary layer, the
thermal boundary layer gradually develops regularly with
flow, and the thickness increases. Therefore, the thicker
layer downstream hinders heat transfer between the fluid
and heat sink, resulting in a higher heat sink temperature
downstream. (2) The cooling water upstream becomes
warmer after heat exchange with the heat sink, and the
heated crossflow and low-temperature jet flow mix as the
cooling water flows downstream. Consequently, the cool-
ing efficiency downstream is lower because the cooling
water temperature downstream is higher than that
upstream.

Figure 7 reveals that with an increase in the side outlets
areas, the heat exchange effect downstream is clearly
improved, and the temperature difference between
upstream and downstream gradually declines. This is
because with an increase in the side outlets areas, drift
phenomenon is significantly mitigated. Downstream
impinging jets can contact with cooled surface well, which
lead to smaller discrepancy of temperature on cooled sur-
face upstream and downstream. As shown in Fig. 7, with
an increase in the side outlets areas, it is clear that the
overall trend of the isotherm between cooled surface and
heated surface becomes more and more gradual, which
means the temperature difference between upstream and
downstream gradually declines.

Figure 8 depicts the average temperature on the cooled
surface; that of the compared model is substantially lower
than in the basic model for three reasons. (1) The inner
surfaces of side outlets participate in heat exchange with
the cooling water, which expands the heat transfer areas
and heightens cooling efficiency. (2) The part of the
crossflow exhausted from the side outlets mixed with
upstream crossflow in the downstream cooling water
declines, the proportion of jet flow increases, and the
cooling effect on the heat sink increases. Therefore, the
temperature of the cooling water downstream declines and
reduces the discrepancy in the cooling water temperature
upstream and downstream; the temperature distribution of
the heat sink becomes gradually uniform along the
X direction.

The Nusselt number (Nu) is important for evaluating
heat transfer performance. The cooling capacity of differ-
ent models can be compared on the basis of this parameter.
Nu is calculated by
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Fig. 6 Velocity distribution on symmetry plane of MHSIJD with different sizes of side outlets

—  hd
Nu=— 7
where
q
h= 8
T T (8)

The Nu of different structures are presented in Fig. 9
and demonstrate a growth trend with increasing velocity.
The Nu of any compared models is larger than the basic
model, cooling capacity can be increased by 1.48-17.51%.
A lower average temperature on the cooled surface of the
former elucidates these phenomena.

Electronic chips cannot function normally beyond a
certain tolerated temperature range; as such, the maximum

temperature on the cooled surface is another major crite-
rion for evaluating microchannel heat sink performance.
The maximum temperature on the cooled surface of any
compared models is smaller than the basic model as shown
in Fig. 10. The drift phenomenon in the compared model is
weak, and the temperature of the cooling temperature is
lower.

Analysis of resistance characteristics
The MHS can only be considered a reasonable design when
controlling the pump consumption within acceptable limits.

Usually, the flow resistance represents external pump
consumption; in other words, flow resistance determines
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Fig. 7 Temperature distribution on symmetry plane of MHSIJD with different sizes of side outlets

the feasibility of the MHS. The pressure drop is used to
measure flow resistance, calculated by

AP = Py, — Pout 9)

where P;, is the relative static pressure of the nozzle inlet
farthest from the outlet, and P, is the relative static
pressure of the main outlet.

Compared with the basic model, the compared model
contains more outlets, which causes earlier drainage, less
water in the channel, a slower flow rate, and a smaller
pressure drop; see Fig. 11. When the mass flow rate is
1 g s™', the pressure drop values of all models are nearly
the same. As the mass flow rate increases, the flow resis-
tance of each model increases, the pressure drop increases,
and the rate of increase declines with an increase in the side
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outlet area. As the side outlets area increases, more
crossflow can flow out in time. This causes the fluid
velocity in the channel to decrease, resulting in a reduced
pressure drop. The pressure drop across the models varies,
and this difference becomes more pronounced as mass flow
increases; as the mass flow rate increases, the flow resis-
tance in the microchannel increases sharply, and the pres-
sure relief effect of the side outlet is reflected gradually. In
the mass flow rate range of 1-6 g s, the pressure drop
can be reduced by 2.48-22.39%.

Analysis of overall performance

Heat transfer performance and resistance characteristics are
evaluation indices of MHS. Therefore, the thermal
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Fig. 11 Pressure drop in different models
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Fig. 12 PF in different models

performance and power consumption of the MHS should
be considered collectively. In the present study, a dimen-
sionless parameter PF (performance factor) [27] is taken as
a comprehensive performance evaluation index for the
MHS, defined as follows:

- (/)

where Nu, AP, and Nug, AP, represent the Nusselt number
and pressure drop of the compared model and basic model,
respectively.

Figure 12 shows the overall performance of each model.
At a given mass flow rate, the larger the side outlet area,
the better the overall performance. In this case, the larger
the side exit area, the higher the cooling efficiency and the
smaller the power consumption. With an increase in mass
flow, the comprehensive performance of each model tends
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to be consistent. And the PF number reaches the maximum
value at a mass flow rate of 1 g s~', when the height of
microchannel side outlet is 0.6 mm. As shown in Fig. 12,
at a given mass flow rate, the larger the side outlet area, the
better the overall performance. However, if the side outlets
surfaces continue to increase, the PF may keep rising, but
the growth trend will slow down.

Future discussion

To alleviate the drift phenomenon in MHSIID, a new
MHSIID model with side outlets was proposed in this
study. Computational fluid dynamics simulation method-
ology with RNG k—¢ turbulence model was used to
investigate the performance of an MHSIJD with side out-
lets. However, the number of models in this paper is lim-
ited. In the future work, we can analyze shape and
arrangement of side outlets to obtain a better performance.
In addition, we can study the characteristics of MHSIJD
with side outlets under different working conditions to
explore the applicability for cooling medium. More
importantly, experimental investigations and optimization
results should be performed for such kind of microchannel
heat sink later on.

Conclusions

To improve the cooling capacity of the MHS, the effects of
side outlets on thermal capability, pump consumption, and
overall performance are simulated numerically. According
to our findings, the following conclusions can be drawn:

1. The average temperature of hot surfaces with side
outlets is higher than in the basic model, and the Nu
numbers is larger. Some parts of the crossflow escape
from the side outlets, which alleviates the drift
phenomenon. In addition, the portion of the inner
walls of the side outlets that participate in heat
exchange expand the heat transfer surface area. Some
parameters of all structures exhibit a similar trend of
increasing with an increase in the mass flow rate,
average temperature of the cooled surface, and Nu
numbers; essentially, the larger the flow rate, the faster
the heat can be removed. In the mass flow rate range of
1-6 g/s, heat transfer capacity can be increased by
1.48-17.51%

2. The pressure drop in MHSIJD with side outlets is lower
than in the basic model and shows a tendency for the
pressure drop to decline with an increase in the side
outlets’ area. The larger the side outlets, the lower the
crossflow in the channel, which causes a lower pressure
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drop. Under mass flow rate from 1 to 6 g/s, the
pressure drop can be reduced by 2.48-22.39%.

3. The overall performance of the compared model is

better than the basic model, and the performance is
enhanced as the side outlets’ area increases. As the side
outlets’ area increases, heat transfer is enhanced and
pump consumption is reduced; thus, overall perfor-
mance improves naturally. The PF number reaches the
maximum value at a mass flow rate of 1 g/s, when the
height of microchannel side outlet is 0.6 mm. How-
ever, with an increase in the mass flow rate, the
difference in overall performance between the basic
model and compared model declines. When the jet
impact velocity is large, dominant heat dissipation is
no longer microchannel heat dissipation but rather jet
heat dissipation. In summary, adding side outlets can
greatly improve fluid flow and heat transfer in
MHSIID. Augmenting the sizes of side outlets is an
effective way to enhance heat transfer in MHS.
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