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Electronics cooling is a critical issue affecting technological development. Parallel micro-channel heat sink
(PMCHS) is widely applied for electronics cooling. However, the existing optimization methods are incapable to
perform efficient design of three-dimensional liquid-cooled PMCHSs, impeding the thermal management of high
power and volume-shrinking electronics. In this study, a flow resistance network (FRN) model is developed for
structural optimization of three-dimensional liquid-cooled PMCHSs. Based on the uniform flow rate distribution,
the FRN model is used to determine the optimized parallel channel widths and the optimized inlet deflector
shape of the PMCHS. With the optimized parallel channel widths, the maximum temperature (Tmax) of the
PMCHS is decreased by 4.0 K and the temperature standard deviation (o) is decreased by 20%. With the
optimized inlet deflector shape, Trmax and or are reduced by 4.8 K and 14% respectively. The optimization
method based on the developed FRN model for structural design of PMCHSs avoids multiple iterations of system
parameters in existing optimization methods, showing its potential in high efficient thermal management of

electronics.

1. Introduction

As the informatics occupies the frontier of technology industry, the
highly reliable and efficient thermal management technology for elec-
tronics cooling is on the hotspot. The demand spans from the efficient
cooling of data center [1], the cooling of high power insulated gate bi-
polar transistor (IGBT) [2], the cooling of inverters for solar and wind
energy [3], to the battery system of electric vehicles [4].

Large-scale integration of electronics in recent years has enabled the
further miniature of electronic equipment with concomitant increase of
heat flux, which leads to high hot spot temperature and deteriorates the
stability and service life of the electronics [5]. The appropriate operating
temperature for electronics, such as chips, ranges from 85 °C to 100 °C.
And 1 °C increase in temperature leads to 5% decrease of reliability [6].
Therefore, a cooling system reducing hot spot temperature is desired by
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the electronics industry. Various kinds of cooling technologies have
been developed, including air cooling [7], liquid cooling [8], phase
change cooling [9], thermoelectric cooling [10], spray cooling and jet
impingement cooling [11]. Among them, liquid cooling technology with
micro-channel heat sink (MCHS) is widely used due to its simple and
compact structure, as well as high cooling efficiency.

In the existing studies, different MCHSs have been adopted,
including serpentine MCHSs [12], tree-like MCHSs [13], rectangle col-
umn fin MCHSs [14], and parallel MCHSs [15]. For serpentine micro-
channel heat sinks, large local pressure loss exists when the flow
direction changes, and the temperature of the cooling liquid down-
stream is much higher than that upstream as the fluid absorbs the heat
when going through the channel, leading to poor temperature unifor-
mity. Though tree-like and rectangle column fin microchannel heat sinks
can effectively improve the temperature uniformity, the structure of
these systems is complex and high cost. Compared with the other types
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Nomenclature

A cross-sectional area of the channels, m?

[N specific heat capacity, J/(kg-K)

d hydraulic diameter of the channels, m

F a coefficient related to the shape of the channels, 1

H height of the PMCHS, m

hc height of the channels, m

L length of the PMCHS, m

Lin length of the inlet region of the PMCHS, m

Lout length of the outlet region of the PMCHS, m

l length of channels, m

m mass flow rate distribution, kg/s

m mass flow rate, kg/s

Mo inlet mass flow rate of the cooling water, kg/s

m; mass flow rate of the i-th parallel micro-channel, kg/s

N number of the parallel micro-channels, 1

n normal vector, 1

P pressure, Pa

APoss total pressure loss of the channels, Pa

APgiction pressure loss caused by friction between fluid and channel
wall, Pa

APjocq  pressure loss caused by channel shape, Pa

AP pressure difference, Pa

AP, pressure loss between the inlet and outlet, Pa

Qo inlet volume flow rate of the cooling water, m3/s

qo heat flux exerted on the heating surface, W/m?

S area of the heating surface, m?

T temperature, K

To inlet temperature, K

U average velocity of the channel cross section, m/s

u velocity, m/s

Uo inlet velocity, m/s

u;, Uj i-th and j-th velocity components, m/s

w width of the PMCHS, m

Win width of the inlet of the PMCHS, m

Wout width of the outlet of the PMCHS, m

Wt wall thickness of the PMCHS, m

Wp power consumption of system, W

w width distribution, m

Wpc width of the parallel micro-channels, m

ws spacing between two adjacent parallel micro-channels, m

Wd-in width of the inlet deflector, m

Wd-out width of the outlet deflector, m

X, Y, 2 coordinate, m

Greek symbols

p density, kg/m>

n dynamic viscosity, kg/(m-s)

A thermal conductivity, W/(m-K)

Vs friction coefficient, 1

& local pressure loss coefficient, 1

Y ratio of flow rate between the branch channel and main
channel, 1

I'd area ratio between the main channel and the branch
channel, 1

Om standard deviation of mass flow rate, kg/s

or standard deviation of temperature, K

Subscripts

avg average value

f fluid region

max maximum value

min minimum value

opt optimized system

s solid region

Acronyms

CC convergence channel

DC divergence channel

MCHS micro-channel heat sink

Nu Nusselt number

PC parallel channel

PMCHS parallel micro-channel heat sink

Re Reynolds number

of heat sinks, parallel micro-channel heat sinks (PMCHSs) are widely
used due to the advantages of simple structure and low pressure loss
[16]. However, the structure of parallel channels is easy to induce un-
even flow rate distribution among parallel channels, which leads to large
temperature difference and high hot spot temperature. Therefore, much
efforts have been made to improve the performance of PMCHSs. Xie
etal. [17] introduced a series of rectangular-shaped flow obstructions in
PMCHSs to enhance their cooling performance. The results showed that
the flow obstructions could increase the overall thermal performance by
~1.3 times. Kim et al. [18] used analytical models and numerical
method to compare the performance of the PMCHSs with rectangular,
inverse trapezoidal, triangular and diamond-shaped cross-sections for
micro-channels. They found that the PMCHS with rectangular micro-
channels with a high aspect ratio and small fin spacing achieved bet-
ter thermal performance than those with the other geometries.
Furthermore, optimization algorithms were introduced to design the
structure of PMCHSs for improvement of the system performance. Wang
et al. [19] combined the CFD method with the simplified conjugate
gradient method for optimal geometric design with the minimum
overall thermal resistance as the objective. Using this approach, the
parameters of channel number, channel aspect ratio and width ratio of
channel to pitch were optimized simultaneously. Kumar et al. [16] used
combined iterative methods and the computational fluid dynamics
(CFD) method to adjust the micro-channel width for homogenization of

the flow rates in micro-channels, which reduced the maximum tem-
perature and average temperature by 2.3 °C and 1.1 °C, respectively. Lin
et al. [20] adopted a genetic algorithm to optimize the channel number,
channel aspect ratio and the ratio of channel width to pitch, with the
objectives of minimizing the thermal resistance and weight of the MCHS.
The results show that the thermal resistance was decreased by 63% with
the weight decreased by 37%. Yildizeli et al. [21] combined elitist
NSGA-II and CFD method to optimize the height and width of the micro-
channels, and the inlet flow rate, with the target of maximization of
Nusselt number and minimization of pump power. Wang et al. [22] set
up the baffle structure of cantor fractal in parallel microchannels, and
adopted genetic algorithm to optimize the geometry of parallel micro-
channels with thermal resistance as the objective function. Kose et al.
[23] adopted Non-dominated Sorting Genetic Algorithm II (NSGA-II) to
optimize the PMCHSs with three different cross-sections (rectangular,
trapezoidal and triangular cross-sections) to increase Nusselt number
and reduce pumping power. The study showed that the pumping power
of the rectangular micro-channel configuration were 17% and 40%
lower than those for trapezoidal and triangular ones, respectively. Shang
et al. [24] optimized the PMCHS using NSGA-II, with the objective of
reducing thermal resistance and pumping power, finding that the opti-
mized PMCHS reduced the thermal resistance by 25%. Kwanda et al.
[25] proposed an improved e-constraint method combined with surro-
gated models for optimization of the widths of the micro-channels, the
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fin width and depth in a rectangular MCHS to reduce its thermal resis-
tance and pump power. Amador et al. [26] proposed a resistance
network model for channel velocity calculation of the microchannel
reactor under creeping flow with low Reynolds number. Based on this
simplified model, Li et al. [27] calculated the parallel channel widths
and outlet manifold structure of micro-channel reactors for equal ve-
locities in parallel channels. In Chen’s work [28], a similar flow resis-
tance network (FRN) model was adopted to calculate the flow rate
distribution in the parallel air-cooled battery thermal management
system, and optimization of parallel channel widths was conducted by
adjusting the flow rate distribution and using the FRN model, which
reduced the temperature difference of the battery pack by 55%.

Previous studies have showed that structural parameters signifi-
cantly affect the cooling performance of PMCHSs. Employing optimi-
zation methods for structural design has been demonstrated to be
effective for improving the PMCHSs performance. The traditional opti-
mization methods in the previous studies, such as iterative method or
NSGA-II, usually need repetitive evaluations of system performance and
are time-consuming. By comparison, the method based on the FRN
model and pre-set optimized velocity distribution is efficient to obtain
the optimized structural parameters of parallel channel system. How-
ever, the existing FRN models are mainly applicable to the systems with
creeping flow or the air-cooled systems, which cannot be directly
applied to three-dimensional liquid-cooled PMCHSs. It is highly desir-
able to develop an effective FRN model for flow rate calculation of three-
dimensional PMCHSs and propose the efficient optimization method for
structural design of PMCHSs.

In this study, the FRN idea is introduced to design PMCHSs. The FRN
model is developed to establish the quantitative relationship between
the structural parameters of three-dimensional liquid-cooled PMCHSs
and the flow rates in parallel micro-channels. By assuming the equal
flow rate distribution, the optimized structural parameters of PMCHSs
are calculated directly. The influence of the shape of the inlet and outlet
deflectors is investigated. Then the widths of parallel micro-channels
and the deflector shape of the PMCHSs are optimized using the FRN
model. The comparison of these optimized systems is conducted to
verify the effectiveness of the optimization based on FRN model for
efficient design of PMCHSs.

2. Model of PMCHS

The scheme of the PMCHS investigated is shown in Fig. 1. One side of
the PMCHS is attached to the heat source (named heating surface). The
cooling fluid removes the heat from the heat source when going through
the PMCHS from the inlet, leading to reduction of the heat source
temperature. The PMCHS contains 10 parallel micro-channels with
identical width as 1 mm. The spacings between two adjacent parallel
micro-channels are equal of 1 mm. The values of other structural pa-
rameters of the PMCHS are listed in Table 1. The cooling medium in the
PMCHS is water, and the solid part is made of copper. The physical
parameters of water and copper are shown in Table 2.

3. Numerical method
3.1. Governing equations and boundary conditions

In this work, computational fluid dynamics (CFD) method is used to
calculate the velocity and temperature fields in the three-dimensional
PMCHS, to evaluate the performance of the PMCHS. The small chan-
nel size in PMCHSs leads to low Reynolds number, suggesting a laminar
flow in the system. The governing equations of steady incompressible
laminar flow are introduced as follows:

Continuity equation:

ax, (€8]

Applied Thermal Engineering 233 (2023) 121169

Fig. 1. Schemes of the PMCHS: (a) three-dimensional system, (b) two-
dimensional system.

Table 1
The values of other structural parameters of the PMCHS.

Parameters Values (mm)

Length, width and height (L, W, H) 20,17,1.5
Length of the inlet and outlet (Lin, Lout) 7.5,7.5
Width of the inlet and outlet (Wi, Wour) 3

Wall thickness (wr) 0.5

Width of the parallel micro-channels (wpc) 1

Spacing of the adjacent micro-channels (ws) 1

Height of the channels (hc) 0.5

Table 2
The physical parameters of water and copper.

Values Copper Water

Density (p, kg/m®) 8930 998.2
Specific heat capacity (¢, J/(kg-K)) 386 4182
Thermal conductivity (1, W/(m-K)) 398 0.6
Dynamic viscosity (3, kg/(m-s)) / 0.001003

Momentum equation:

d(pfuiuj)i oP 0 ou;
e ) @

where u; and uj represent the i-th and j-th velocity components. pg, P and
ne represent the density, pressure and dynamic viscosity coefficient,
respectively. The subscripts f represents the variables of the fluid
regions.

To calculate the temperature fields of the PMCHS, the energy
equations are introduced:

For fluid region:
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For solid region:

d [, 0T\
aTc,-(ﬂsaT,) =0 @

where the subscript s represents the variables of the solid regions. T
represents the temperature.

In order to solve the above governing equations, the following
boundary conditions are adopted: The inlet is set to mass flow inlet with
constant temperature, and the outlet is set to pressure outlet. The in-
terfaces between the fluid and solid regions are set to non-slip condi-
tions. Constant heat flux is applied to the heating surface of the PMCHS
to simulate chip heating, and the other borders are set to adiabatic
conditions. The boundary conditions are listed as follows:

Inlet:

u, =uy, Ty =T, 5)
Interfaces of fluid and solid:
u=20 (6)

Heating surface:

— s o~ D ()
Other borders:

oT,

on 0 ®

where qq represents the heat flux exerted on the heating surface. uy and
To represent the inlet velocity and inlet temperature of the water
respectively. In this study, To and gq are set to 293.15 K and 2 x 10°> W/
m?, respectively. The inlet mass flow rate is set to 1 g/s.

3.2. Grid-dependence analysis

The regular shape of the PMCHS implied that using structural grids
to divide the computational area for calculation is suitable, as shown in
Fig. 2a. With consideration of calculation speed and accuracy, grid-
dependence test was conducted to determine the size of the grids. CFD
calculations with various grid numbers were conducted, with the results
shown in Fig. 2b, where Tpax and o7 represent the maximum tempera-
ture and temperature standard deviation of the heating surface. When
the grid number is small, Ti,ax and o7 increase with larger grids number.
When the grid number is greater than 1.08 x 105, the variation of Tmax
and o7 is less than 0.05 K, which suggests that the results are indepen-
dent of the grids when the number is 1.08 x 10°. Thus, in the subsequent
calculation, a grid number of 1.08 x 10° was adopted.

3.3. Validation of the numerical method

To verify the numerical method, the laminar flow in a rectangular
channel is introduced, and the numerical results are compared with the
analytical one. The rectangular channel with different sizes (a x b x )
are considered, with the values listed in Table 3. The same cooling water
with properties listed in Table 2 is adopted. The inlet Reynolds number
(Re) is set to 133. The H1 (axially uniform heat flux and peripherally
uniform temperature) thermal boundary conditions are used with the
heat flux as 2 x 10* W/m? Previous study has derived the analytical
results of Nusselt number (Nu) under H1 conditions for the fully
developed laminar flow [29]. Table 3 lists the comparison of the nu-
merical and analytical results. We can see that the Nu results by nu-
merical method are consistent with the analytical results under different
conditions, with the relative deviation no more than 0.5%. Thus, the

Applied Thermal Engineering 233 (2023) 121169

Fig. 2. Grid dependence test: (a) grid system, (b) results of grid depen-
dence test.

Table 3
Comparison of numerical results and analytical results in rectangular channels
(Re = 133).

a/ a b l Nu Deviation
b (mm) (mm) (mm) Numerical Analytical
method method [29]

1 0.5 0.5 200 3.60 3.61 0.3%

2 1 0.5 200 4.11 4.12 0.2%

4 2 0.5 200 5.31 5.33 0.4%

8 4 0.5 200 6.46 6.49 0.5%

© © 0.5 200 8.25 8.23 0.2%

accuracy and reliability of the numerical method adopted in this study is
verified.

4. Flow resistance network model
4.1. Governing equations

The CFD method is effective to evaluate the cooling performance of
the PMCHS with high reliability and accuracy. However, this method
needs to solve complex differential equations, which costs a large
amount of computational time. Liu et al. [30] and Zhang et al. [31]
respectively established the flow resistance network (FRN) model to
quickly calculate the channel velocities in parallel air-cooled battery
thermal management systems with different flow patterns. As the
structure of three-dimensional PMCHSs is similar to that of parallel air-
cooled systems, the similar FRN model is adopted to accelerate the
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calculation of flow rate distribution in PMCHSs. In this model, the
pressure loss of the cooling water exerted by the channels is equivalent
to flow resistance, and the PMCHS is equivalent to the FRN as shown in
Fig. 3, in which each block represents the flow resistance of the corre-
sponding channel segment. In Fig. 3, DC, PC and CC represent the
divergence channel, parallel micro-channels, and convergence channel,
respectively. For each loop in the FRN, the following pressure loss
equation is satisfied [30].

APiosspeit1 + APiosspeitt — APiosspci — APiosscci =0, i=1,2,-+ N—1
©)]

where APy is the total channel pressure loss, expressed as:

APiose = APriiction + APlocal (10)

where APgiction 1S the frictional loss, which is the pressure loss caused by

friction between fluid and channel walls. APjq, is the local loss, which is

the loss caused by the channel shape. According to Darcy friction
equation, APgicton can be expressed as follows:

Ipc,i

APrictionpei = ch,imﬂf ULZ)C,; an
lec,i 2

APictioncci = X CC.i%pf Ucc, 12
Ipc,i 2

APricionpci = X pc,;TPC_Pf Upc,i 3)

where U is the average velocity in the channels. py, is the density of
cooling water. [ and d are the length and hydraulic diameter of the
channels. y is the friction coefficient, expressed as:

4

=Fe 14)

where F is a coefficient related to the shape of the channels. Re is the
Reynolds number. APj,, can be expressed as:

e,
APigeapei = —D2C' P Upc, as)
e,
APiocarcci = LZC P:Usc, 16)
AP ~ Eecopci 02 Sococci 1 1
ocal pC.i = ——5—P¢Upc, + 3 PrUcc an

where ¢ is the local pressure loss coefficient. Bassett et al. [32] derived
the expression of ¢ as follows:

Eoci = 1 —Yee (18)

Epemcei = }/12>C—>CCJW12’C—>CCJ +2(2yPC—>CC.i - ylszéCC.i) -1 19
3 1

Enci = Yoci — S¥pe +5 (20)
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3n
Epcapei = }IZDCAPC.[WZD(L»PCJ - 2§yDC—>PC.iW2DC~>PCJ +1 (21)

where y is the ratio of flow rate between the branch channel and main
channel. ¥ is the area ratio between the main channel and branch
channel.

Moreover, the flow conservation equations are satisfied at the inlet
and outlet of the parallel channels which are expressed as follows:

my = p;Upc1Apc, (22)
PeUnciApc, = pyUpcitiApciti +piUpcidpciy i = 1,2, N — 1 (23)
ptUcciAcci = piUcci-1Acci-1 + peUpcifpc,ini = 1,2, -+, N 24)

where m represents the inlet mass flow rate of the cooling water. A is
the cross-sectional area of the channels. N is the number of parallel
micro-channels. Egs. (9)-(24) constitute the governing equations of the
FRN model. With the structural parameters and inlet mass flow rate
given, the mass flow rate of each channel in PMCHSs can be calculated
using the FRN model.

4.2. Validation of the FRN model

In order to verify the effectiveness of the FRN model, the results from
the model is compared with those obtained from the CFD method. In
order to improve the accuracy of the results from the FRN model, the
coefficient related to the channel shape (F) is set to 0.785 for the
investigated three-dimensional liquid-cooled PMCHS, which is different
from that for the air-cooled system in the previous study [31]. Fig. 4
shows the comparison of the mass flow rates in different channels. It can
be seen that the results of the FRN model and the CFD method are in
good agreement. The average deviations of the mass flow rates in DCs,

T T T T T
—=— m(CFD) —0~ mpc(Model)
—o— mp(CFD) — O~ mp(Model)
—A— mo(CFD) -4~ mec(Model)

T
1

1.4

1.2+

1.0

0.8

0.6

Flow rate (g/s)

T

0.4

0.2

T

0.0
0

Channel number

Fig. 4. Comparison of the results of the FRN model and CFD method.

Fig. 3. Schematic diagram of the FRN model.
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PCs and CCs are 3%, 6% and 7%, respectively. Compared with several
hours of calculation time needed in CFD method, the FRN model only
takes seconds to obtain the results with similar accuracy. Therefore, the
FRN model can lead us to obtain the mass flow rate distribution in a
short time, which can be used to evaluate the performance of PMCHSs
and accelerate the structural optimization of system.

5. Optimization of PMCHSs
5.1. Performance of PMCHSs before optimization

The velocity and temperature fields of the PMCHS with identical
widths of micro-channels considered in Section 2 (denoted as PMCHS-0)
were calculated using the CFD method. The performance of the PMCHS
is evaluated by the maximum temperature (Tp,ay), standard deviation of
the flow rates (o;;) of the micro-channels, standard deviation of the
temperature (o7) of the heating surface and pumping power of the sys-
tem (Wp). The expressions of the characteristic parameters are shown as
follows:

N 2
Z (mx - muvg)
- LA N/ 2
i N1 (25)
[T =T, ds
or = Sf (26)
Wp = Qy x AP, 27)

where m; represents the mass flow rate of the i-th parallel micro-channel,
and m,yg represents the average flow rate of all channels. T,y is the
average temperature of the heating surface, and S represents the area of
the heating surface. Qqy represents the inlet volume flow rate of the
cooling water. APy represents the pressure loss between the inlet and
outlet.

Fig. 5a depicts the flow contour in PMCHS-0, which shows uneven
distribution of flow rates among parallel channels. From the inlet to the
outlet, the flow rates of parallel channels gradually increase, with the
ratio of the maximum to the minimum one as high as 4.15. Thus, the hot
spot temperature on the heat surface is located at the downstream of the
parallel channels near the inlet (Fig. 6a). It can be observed that Tp,,x of
the PMCHS reaches 329.3 K, and or is 4.44. The high hot spot
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temperature and large temperature difference on heat surface of
PMCHS-0 result from the large flow rate difference among parallel
channels. In this section, based on the FRN model, the structure of the
PMCHS is first optimized to homogenize the flow rate distribution in
parallel channels, which is expected to improve the cooling performance
of the PMCHS.

5.2. Optimization of parallel micro-channel widths

The quantitative relationship between the structural parameters of
PMCHSs and the flow rates in channels has been built up based on the
FRN model. Once the inlet flow rate and the structural parameters of the
system are given, the flow rates in parallel channels can be obtained by
solving the FRN model. Conversely, the structural parameters can be
calculated by solving the model if the flow rates in parallel channels are
given [33]. Therefore, with the assistance of the FRN model, the struc-
tural optimization problem of PMCHSs is transformed into a simpler one
that searches the optimal flow rate distribution among parallel channels.
The analysis in Section 5.1 has revealed that reducing the flow rate
difference in parallel channels is conducive to the improvement of the
cooling performance in PMCHSs. Therefore, in this section, based on the
FRN model, the widths of parallel micro-channels in the PMCHS are
optimized to homogenize the flow rate distribution for improvement of
the PMCHS performance. For convenience, the width distribution of
parallel channels and corresponding flow rate distribution are defined as
Wy and mpc respectively, expressed as follows:

Wpe = [WPC.I-, sty WhCiy Tty WPCJV] @9
Tipe = [ftpc 1+, Hipc,is * Mipe N @

where wpc ; and mpc; represent the width and corresponding flow rate of
the i-th parallel channel. When optimizing Wpc, it is assumed that mpc is
uniformly distributed, and the unknown variables are Upc,i, Ucc,i» Upc,i
and wpc ;, with a total number of 4 N. The FRN model Egs. (9) and (22)-
(24) give (4 N—1) equations. To solve the unknown variables, an
equation which guarantees the sum of parallel channel widths is a
constant is added, expressed as:

N
Z Wpc; = const (30)
i=1

Thus, when the optimal mypc is given, the optimized widths of parallel
channels can be calculated by solving Egs. (9), (22)-(24) and (30).

Fig. 5. Flow contours of different PMCHSs: (a) PMCHS-0, (b) PMCHS-opt1, (c) PMCHS-opt2, (d) PMCHS-opt3.



L. Yuetal

Applied Thermal Engineering 233 (2023) 121169

Fig. 6. Temperature contours of different PMCHSs: (a) PMCHS-0, (b) PMCHS-opt1, (¢) PMCHS-opt2, (d) PMCHS-opt3.

Considering the PMCHS in Section 2, the inlet flow rate my is set to 1
g/s. The total width of the parallel channels is 10 mm, and the number of
parallel channels is 10. The optimal flow rate distribution mpc is set to a
uniform distribution. By using the FRN model, the optimized width
distribution Wpc opt is calculated, with the results shown in Eq. (31).

Whcopt = [1.88, 1.71, 1.36, 1.08, 0.89, 0.77, 0.67, 0.6, 0.54, 0.5] mm
31

The cooling performance of the PMCHS with the optimized parallel
channel widths (denoted as PMCHS-optl) is evaluated using the CFD
method, and is compared with that of PMCHS-0 before optimization.
Fig. 5b shows the flow contour of PMCHS-opt1. It can be seen from Wpc,
opt and Fig. 5b that, from the inlet to outlet, the optimized channel width
gradually decreases in the order. When the channel width increases, the
drag of water exerted by the chancel walls decreases, leading to more
water going through the channels. For PMCHS-0, the flow rates of

025 I PMCHS-0 i

I PMCHS-opt1
0.20

0.15

0.10

Flow rate (g/s)

0.05

0.00

1 2

3 4 5 6 7 8 9 10
Channel number

Fig. 7. Flow rates of parallel channels in PMCHSs before and after optimization
of channel widths.

parallel channels are increased in the order of position from the inlet to
the outlet (Fig. 7). After the optimization of micro-channel widths, the
wider channel near the inlet leads to the increase of the corresponding
flow rates, and the narrower channel near the outlet decreases the
corresponding flow rates. Therefore, the gradually narrower channel
from the inlet to the outlet after optimization is effective for homoge-
nization of the flow rate distribution of parallel channels, which ensured
the reduced hot spot temperature and resultant improved temperature
uniformity of the heating surface.

It can be seen from Fig. 7 that the flow rates of parallel channels in
PMCHS-opt1 are all around 0.1 g/s, which are similar to the pre-set
uniform flow rate distribution. The average deviation of the flow rate
distribution in PMCHS-optl and the pre-set uniform one is only 6%,
which verifies the accuracy of the FRN model for the PMCHS with un-
even micro-channel widths. The results demonstrate that the parallel
channel width distribution corresponding to the given flow rate distri-
bution can be effectively calculated by the FRN model. Compared with
PMCHS-0, the uniformity of the flow rates in parallel channels in
PMCHS-opt1 is greatly improved, with 6,; at 0.011 g/s, which is reduced
by 82%. The significant reduction of flow rate difference ensured the
effective improvement of cooling performance of the PMCHS. Fig. 6b
shows the temperature contour of the heating surface in PMCHS-opt1.
We can observe that the hot spot temperature is still located at the
downstream of the channels close to the inlet for PMCHS-optl, but is
much lower than that in PMCHS-0, as the mass flow rate at this micro-
channel is increased by 75% after the channel width optimization
(Fig. 7). Tmax and o7 in PMCHS-opt1 respectively decrease by 4.0 K and
20% compared with those in PMCHS-O (Table 4). Moreover, the
pumping power of the PMCHS does not increase after the micro-channel
width optimization. Thus, optimizing the parallel micro-channel widths

Table 4

Comparison of the performance of different PMCHSs (mp=1 g/s).
PMCHS oni(g/5) Tiax (K) or (K) Wp (W)
0 0.0625 329.3 4.44 0.00101
optl 0.0113 325.3 3.57 0.00105
opt2 0.0096 324.8 3.74 0.00123
opt3 0.0079 324.5 3.81 0.00125
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by using the FRN model can significantly improve the cooling perfor-
mance of PMCHSs without increasing the pumping power.

5.3. Optimization of deflector shape

In addition to the parallel channel widths, the shape of the inlet and
outlet deflectors significantly affects the flow rate distribution in parallel
channels. Therefore, in this section, the shape of the deflectors is
designed to homogenize the flow rate distribution in parallel channels
for improvement of heat dissipation performance of PMCHSs.

5.3.1. Optimization of the straight-line deflector

In this section, straight-line deflectors are considered, and the flow
rate distribution of parallel channels is adjusted by designing the
deflector angles. For convenience, the angles of the inlet and outlet
deflectors are adjusted by the inlet width (wq.in) and outlet width (wq.
out), as shown in Fig. 1. The values of wg.jn and wq.oy are ranging within
[0, wip] and [0, woyl, respectively.

According to the analysis in Section 5.1, the homogenization of flow
rate distribution of parallel channels will improve the cooling perfor-
mance of PMCHSs. o,; expressed as Eq. (25) is used to characterize the
uniformity of the mass flow rates. Smaller o,,, represents more uniform
flow rate distribution. Therefore, in this section, the angles of the inlet
and outlet deflectors are optimized with the objective of minimizing o,,.
There situations are considered as follows:

Condition 1: Let Wq.out = Wout = 3 mm, Wq.ip is adjusted within [0,
Win]-

Condition 2: Let wq.jy = win = 3 mm, Wq.oy is adjusted within [0,
Woutl-

Condition 3: Let Wq.in = Wd-out, Wd-in and Wq_oyt is adjusted within [0,
Win]-

For each condition, there is only one variable to be optimized, wq i,
Or W{.out- Thus, the value of wq.in Or wq.oyt is set at the interval of 0.1 mm.
The o, value for each wq.i, Or Wy oyt is evaluated using the FRN model.
The evaluation results of different conditions are shown in Fig. 8, where
the horizontal and vertical coordinates represent the wy_in/Wq.out value
and the corresponding o, value. Moreover, w = 3.0 mm indicates
PMCHS-0. For Condition 1, as can be seen from Fig. 8, with the decrease
of wq.in, the inlet deflector angle increases, and o,; decreases first and
then increases. When wg i, = 0.2 mm, o,; reaches the minimum value. It
indicates that the homogenization of the flow rates in parallel channels

O . 1 O T T T T T T T
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"l ‘.‘" —e— Condition 2
| — ) —a— Condition 3
®00.q.,. '0-0.9.¢
0 0.06 , AA“A.AA.A.A.AA’A’A’A::EEEEE%&'Em‘ |
y \ /A/AA .’.0.’....I0I~I.l
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Fig. 8. Standard deviation of the flow rates in parallel channels for different
conditions (rmp=1 g/s).
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can be significantly improved by adjusting the inlet deflector angle only.
For Condition 2, with the decrease of wq.out, the outlet deflector angle
increases and o, increases, indicating that increasing the outlet
deflector angle worsens the uniformity of flow rates. For Condition 3, as
Wg.in and wq.out decrease, the angles of the inlet and outlet deflectors
increases simultaneously, and o,; decreases first and then increases,
which is similar to Condition 1. But the minimum o, is larger than that
of Condition 1. Therefore, it is better to adjust the inlet deflector angle
only and the best wq.i, is 0.2 mm will achieve system with better cooling
performance, and the corresponding PMCHS is denoted as PMCHS-opt2.

The CFD method was used to evaluate the performance of PMCHS-
opt2, and Fig. 5¢ shows the flow contour of PMCHS-opt2. As can be
seen, after introduction of straight-line deflector at the inlet, the flow
rate distribution of parallel channels in PMCHS-opt2 is much more
uniform than that in PMCHS-0. Fig. 9 shows the comparison of the flow
rate distribution for PMCHS-0 and PMCHS-opt2. It can be observed that
the flow rate distribution in PMCHS-opt2 is similar to the set uniform
distribution. ¢,; of PMCHS-opt2 is 0.0096, which is reduced by 85%
compared with that of PMCHS-0. The improvement of the flow rate
distribution is attributed to reduction of the pressure loss difference
among the parallel channels. Fig. 10 shows the pressure of the inlet and
outlet of the parallel channels, and the corresponding pressure loss of
each parallel channel in PMCHS-0 and PMCHS-opt2. For PMCHS-0, the
pressure loss of the channels increases with the channel number. It
means that the pressure loss of the channels far from the inlet is larger
than that near the inlet. Larger pressure loss leads to more flow rates in
the channel. Thus, the flow rates increase with the channel number for
PMCHS-0, as shown in Fig. 9. For PMCHS-opt2, the angle of the inlet
deflector increases, and the cross-section area of the divergence channel
far from the inlet decreases, which increases the local velocity of the
water. According to Bernoulli equation, the local pressure is reduced.
Therefore, for PMCHS-opt2, the inlet pressure of the parallel channels
far from the inlet decreases, significantly reducing the difference of the
pressure loss among parallel channels (Fig. 10b), leading to more uni-
form flow rate distribution among parallel channels.

The significant reduction of flow rate difference results in effective
improvement of the cooling performance of the PMCHS (Table 4).
Fig. 6¢c shows the temperature contour of the heating surface in PMCHS-
opt2. We can observe that, similar to PMCHS-0, the hot spot temperature
is still located at the downstream of the channels close to the inlet for
PMCHS-opt2, but is lower than that in PMCHS-0 as the mass flow rate at
this micro-channel is increased by 88% after the optimization of the inlet
deflector angle (Fig. 9). Tmax of PMCHS-opt2 is only 324.8 K and o7 is
3.74 K, which are respectively reduced by 4.5 K and 16% compared with

0.25

I PMCHS-0
Il PMCHS-opt2

0.20

o
N
(&)
T
1

Flow rate (g/s)
o
=
|
|

0.05

0.00

1 2

3 4 5 6 7

Channel number

8 9 10

Fig. 9. Flow rates of the parallel channels in PMCHS-0 and PMCHS-opt2.
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Fig. 10. Pressures of the parallel channels in the PMCHSs: (a) PMCHS-0, (b) PMCHS-opt2 (rip=1 g/s).

PMCHS-O0. As the flow rate of the first channel in PMCHS-opt2 is larger
than that in PMCHS-opt1, Tpax of PMCHS-opt2 is lower. Moreover, the
increase of inlet deflector angle decreases the divergence channel width,
thus increases the drag of the water. The pumping power of PMCHS-opt2
(0.00123 W) is increased by 22% compared with PMCHS-0 (0.00101
W). In spite of this, by optimizing the inlet deflector angle using the FRN
model, the cooling performance of the PMCHS can be significantly
improved.

5.3.2. Optimization of the curved deflector

The results in Section 5.3.1 show that by optimizing the inlet
deflector angle, the flow rate distribution of the parallel channels can be
homogenized and the cooling performance of the PMCHS can be
improved significantly. In this section, the curved deflector is considered
and the FRN model is adopted to optimize the shape of the inlet deflector
for improvement of the performance of PMCHSs. The width distribution
Wy is introduced to describe the local widths of the divergence channel
(as shown in Fig. 11), which can be used to describe the shape of the
inlet deflector. Thus, Wpc can be defined as follows:

Wpce = Woe.is +*, Wpcis 5 Wpew—1] (32)
where wpc,; is the channel width of the i-th segment of the divergence
channel.

Similar to the investigation in Section 5.2, based on the FRN model,

the optimization of Wp¢ in PMCHSs can be transformed into a simpler
process of searching the optimal flow rates among micro-channels.
When the flow rates of parallel channels are given, Wp¢ can be calcu-
lated by solving the FRN model. In this situation, the unknown variables
are Upc i, Ucc,i» Upc,i and wpc j, with a total number of (4 N — 1). The FRN
model in Eq. (9), Egs. (22)-(24) gives (4 N — 1) equations. Therefore, the
width distribution of divergence channels Wp¢ can be directly solved
using the FRN model.

Considering the PMCHS in Section 2, the inlet flow rate mg is 1 g/s,
the widths of parallel channels are set as identical at 1 mm, and the
widths of the convergence channel are set as identical at 3 mm. The
optimal flow rate distribution mp¢ is set to a uniform distribution. By
using the FRN model, the optimized width distribution Wpc,opt can be
calculated, with the results shown as:

Whcapt = [2.85,2.60,2.26,1.87,1.47,1.11,0.79,0.52,0.29] mm (33)

The PMCHS with optimization of the curved deflector denoted as
PMCHS-opt3. It can be seen that, from the inlet to the outlet, the opti-
mized widths of the divergence channel gradually decrease in the order.
Similar to the optimization of the inlet deflector angle, the reduction of
the divergence channel width will reduce the pressure loss of the parallel
channels far from the inlet, leading to reduction of the water going
through the corresponding parallel channels. Thus, the optimized Wp¢
expressed as Eq. (33) is beneficial for increase of the flow rates of par-
allel channels near the inlet and decrease those near the outlet, which

Fig. 11. Schematic diagram of the curved inlet deflector.
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can effectively homogenize the flow rates among parallel channels.
Fig. 5d shows the flow contour of PMCHS-opt3. Similar to PMCHS-opt2,
optimization of inlet deflector shape results in the decreased widths for
the divergence channel from the inlet to the outlet, which effectively
improves the flow rate distribution. Fig. 12 depicts the flow rates of
parallel channels in PMCHS-opt3 calculated using the CFD method,
which shows a significant reduced flow rate difference. The flow rates of
PMCHS-opt3 are all around 0.1 g/s, which is similar to the set uniform
flow rate distribution. The widths of the divergence channel corre-
sponding to the given flow rate distribution can be effectively calculated
by the FRN model. Compared with that in PMCHS-0, the homogeniza-
tion of the flow rates of parallel channels in PMCHS-opt3 is improved
effectively, with o, at 0.0079, which is reduced by 87%. The more
uniform distribution of flow rate thus ensures a more uniform distri-
bution of temperature, with the hot spot temperature reduced and the
temperature uniformity of heating surface remarkably improved
(Table 4). Compared with those in PMCHS-0, Tp,ox and o7 in PMCHS-
opt3 decrease by 4.8 K and 14% respectively. The pumping power of
PMCHS-opt3 is similar to PMCHS-opt2, which is increased by 24%
compared with PMCHS-O0.

Furthermore, the position of the hot spot temperature in PMCHS-
opt3 is not located at the downstream of the first parallel channel, but
at the downstream of Channel #8, which is different from PMCHS-opt1
and PMCHS-opt2. This is because the flow rates of the channels around
the inlet (Channel #1-#6) are larger than 0.1 g/s and those around the
outlet (Channel #7-#10) are smaller than 0.1 g/s in PMCHS-opt3. The
smaller flow rates around Channel #8 result in the hot spot. In spite of
this, Tmax of PMCHS-opt3 is lower than those of PMCHS-optl and
PMCHS-opt2. Therefore, by optimizing the shape of the inlet deflector
using the FRN model, the cooling performance of the PMCHS can be
effectively improved.

6. Conclusion

In this study, an FRN model is established to enable the effective
structural optimization of three-dimensional PMCHSs. The coefficient
related to the channel shape for calculation of friction pressure loss in
three-dimensional micro-channel is suggested. The results show that the
flow rate distribution obtained by the FRN model agrees well with the
CFD results. The developed model establishes the relationship between
the structural parameters of PMCHSs and the flow rate distribution in
parallel channels. The optimizations of parallel channel widths and
deflector shape are carried out by adopting equal flow rates in parallel
channels and using the FRN model. The results indicate that the flow
rate distribution among parallel channels is effectively homogenized
after the optimization for both systems, which ensures enhanced cooling
performance. Compared with the PMCHS before optimization, Tpax and
o7 of the PMCHS with optimized channel widths decrease by 4.0 K and
20%, respectively. Further analysis shows that the shape of the inlet
deflector significantly influences the cooling performance of PMCHSs,
and the system with the curved deflector performs better than the linear
one in PMCHSs. Compared with the PMCHS before optimization, Tyax
and ot in the PMCHS with optimized inlet deflector shape decrease by
4.8 K and 14%, respectively. The FRN model is a general model, and can
be used for three-dimensional PMCHSs with different structural pa-
rameters and operating parameters. Thus, the developed optimization
method based on the FRN model is applicable for structural design of
PMCHSs with different structural parameters and operating conditions.
The developed method facilitates the energy saving and reliability
enhancement of electronics especially when they serve at critical
environment.
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