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H I G H L I G H T S

• A novel optimization approach is proposed to optimize the performance of a hybrid heat sink.

• The Pareto-optimal set is obtained and verified by CFD results.

• The optimized heat sink can reduce thermal resistance by 18.83% compared with manifold heat sink.

• TOPSIS with entropy weight method is applied to select the best compromise solution from Pareto-optimal set.

A R T I C L E I N F O

Keywords:
Microchannel heat sink
Hybrid design
Multi-objective optimization
Design of experiment
Response surface methodology
Pareto-optimal solution

A B S T R A C T

A novel optimization approach, which combines optimal Latin hypercube design (Opt LHD), Pareto chart
analysis, response surface methodology (RSM), the non-dominated sorting genetic algorithm II (NSGA-II) and
technique for order preference by similarity ideal solution (TOPSIS), has been proposed and applied to optimize
the performance of a hybrid microchannel heat sink combining manifold concept with secondary oblique
channels. Four geometric parameters are selected as design variables and the optimization objective is to
minimize the total thermal resistance Rt and pumping power Pp simultaneously. First, 160 sample points is
generated by Opt LHD and the Pareto chart analysis is performed to identify the dominant design parameters
influencing the objectives. Then, RSM is used to generate approximate models relating to the objectives and
design parameters, and NSGA-II is selected to minimize Rt and Pp. 374 Pareto-optimal solutions are obtained and
verified by CFD results, which indicates that the hybrid design can reduce Rt by 18.83% compared with manifold
microchannel heat sink under the same Pp. Finally, the best compromise solution is obtained by TOPSIS com-
bined with entropy weight method. The proposed optimization approach can also be applied to optimize the
performance of other types of heat sinks.

1. Introduction

Gordon Moore predicted that the number of incorporated transistors
in a chip would approximately double every 18months to two years in
1965, a growth trend known as Moore's law [1], which was confirmed
by subsequent industrial development [2]. Today, one processor has
billions of transistors in about 1 cm2 chip and the heat flux exceeds
100W/cm2 [3]. In addition, the rapid development of 3D integrated
circuit based on through-silicon via (TSV) technology further increases
the packaging density. The heat flux to be dissipated in next-generation
electronic devices will exceed 1000W/cm2 [4]. The failure of removing
the high heat flux will increase the temperature of electronics sig-
nificantly, which will damage the electronic devices [5,6]. Therefore, it

is necessary to take the thermal management into account during the
design of various electronic devices. Liquid cooling strategy [7–9] is
becoming more important in the thermal management of electronic
systems with high heat flux because of the low thermal conductivity of
air [10,11]. In 1981, Tuckerman and Pease [12] proposed micro-
channel heat sink firstly and confirmed that it could remove heat flux as
high as 790W/cm2 by experimental research. However, the required
pressure loss was up to 214 kPa, which brings a serious challenge to the
driven pump design. Because of its combined benefits of large surface-
to-volume ratio and entrance effect, the microchannel heat sink has
high heat removal capability and is considered to be the most promising
cooling strategy for thermal management of electronic devices [13].
Research always focuses on the influence of microchannel shape,

https://doi.org/10.1016/j.applthermaleng.2020.115592
Received 7 February 2020; Received in revised form 20 April 2020; Accepted 9 June 2020

⁎ Corresponding author.
E-mail address: caoby@tsinghua.edu.cn (B.-Y. Cao).

Applied Thermal Engineering 181 (2020) 115592

Available online 16 June 2020
1359-4311/ © 2020 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2020.115592
https://doi.org/10.1016/j.applthermaleng.2020.115592
mailto:caoby@tsinghua.edu.cn
https://doi.org/10.1016/j.applthermaleng.2020.115592
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2020.115592&domain=pdf


physical parameters of cooling medium, wall roughness and other
factors on the flow and heat transfer characteristics in the early stage
limited by simulation method and micromachining technology
[14–17]. However, due to the continuous heat absorption of the coolant
in the microchannel, the thermal boundary layer gradually develops
along the flow direction, which will increase the fluid temperature and
temperature difference within the heat sink. In addition, the technology
progress leads to higher heat flux density in modern electronic devices,
which makes the microchannel heat sink with simple structure far from
meeting the heat dissipation demand. There is an urgent need to de-
velop new technology and structure to improve the overall performance
of microchannel heat sink [18,19]. Because passive strategies of con-
vective heat transfer enhancement only increase heat exchange by op-
timizing channel structure and does not need additional equipment or
energy, which has attracted extensive attention.

With the development of simulation method and micromachining
technology, many passive strategies have been studied, such as micro-
channel heat sink with wavy channel [20,21], cavities or pin fins
[22–25], double-layer microchannel heat sink [26,27], manifold mi-
crochannel heat sink [28–35] and secondary flow [36–39]. These im-
proved channel structures can increase the convective heat exchange
area, periodically destroy the flow and thermal boundary layer,
strengthen the mixing between the fluid in the wall region and the
central region, it is to say that optimizing the synergy degree between
velocity and temperature fields [40,41], so as to obtain better heat
transfer performance. It is important to point out that secondary flow
and manifold microchannel heat sink are two of the most important
passive cooling strategies. A traditional microchannel (TMC) heat sink
contains one inlet locating at one side of the device and one outlet lo-
cating at the opposite side. Unlike TMC heat sink, the manifold mi-
crochannel (MMC) heat sink has coolant distribution manifolds, which
can form alternating inlet and outlet channels. During cooling opera-
tion, the working liquid flows normal to the fins and heat source guided
by manifolds, which can greatly reduce the pressure loss due to the
significant decrease in flow length. The hydraulic and thermal perfor-
mance of manifold heat sink has been studied extensively [28–35].
Secondary flow is another effective passive chip-cooling technique.
Smaller cooling channels, i.e. secondary channels, are created by offset
strip fins and can generate secondary flow, which can enhance heat
transfer by generating vortex and thinning the thermal boundary layer.
It should be noted that the extra pressure drop caused by secondary
flow is the limiting factor if the geometric parameters are not designed
properly [36–39].

However, simple passive enhancement strategy can no longer meet
the rapid growth of heat dissipation demand, so it is necessary to in-
tegrate the advantages of various structures. Therefore, we have pro-
posed a novel cooling scheme combining manifold with secondary

oblique channels (MMC-SOC) [42]. The manifold structure is able to
reduce pressure drop by reducing the flow length in microchannels and
the secondary channels can enhance the heat transfer by combined
benefits of fluid mixing and boundary layer re-development. Fig. 1 is a
schematic diagram of the hybrid MMC-SOC heat sink concept. Figs. 1(a)
and (b) are three-dimensional view and top view of the hybrid micro-
channel heat sink respectively. The whole structure can be divided into
two layers, the upper layer is the coolant distribution manifold struc-
ture and the lower layer is embedded microchannel heat sink, including
chip and microchannel structure. It can be seen from Fig. 1(a) that
when the coolant flows along the inlet formed by the manifold struc-
ture, it will cool the fins under the inlet in the way of impinging jet. In
addition, the original straight rib is broken into trapezoidal ribs to form
discontinuous microchannels. It can be seen in Fig. 1(b) that some of
the coolant flows into the secondary channels formed by the dis-
continuous rib when the coolant flows along the main channel, which
can enhance the flow disturbance. Our simulation results [42] have
indicated that MMC-SOC heat sink could reduce the pressure loss and
heat source temperature simultaneously compared with MMC heat sink.
In addition, the parameters had great influence on the MMC-SOC heat

Nomenclature

Ahs heat source area (m2)
d secondary channel width (m)
Hb base height (m)
Hc channel height (m)
Hi-o inlet/outlet height (m)
Lc total channel length (m)
Pp pumping power (W)
ΔP pressure drop (Pa)
q'' heat flux (W/m2)
Q total heat flux (W)
R thermal resistance (K/W)
T Temperature (K)
qv volume flow rate (m3/s)
w attribute weight

Wc channel width (m)
Ww channel wall width (m)
Win manifold inlet width (m)
Wout manifold outlet width (m)

Subscripts

c channel
CFD Computational Fluid Dynamics
in inlet
out outlet
Pre prediction
r ration
t total
w wall

Fig. 1. Hybrid microchannel heat sink: (a) partial 3-D view, and (b) plan view.
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sink performance and it is necessary to carry out reasonable design
optimization.

In order to guide the geometric design of MMC-SOC heat sink, this
paper employs multi-objective evolutionary algorithm [43–46] to
minimize the total thermal resistance Rt and pumping power Pp si-
multaneously by optimizing the main structure parameters of the hy-
brid heat sink. A novel optimization approach combining optimal Latin
hypercube design (Opt LHD), Pareto chart analysis, response surface
methodology (RSM), the non-dominated sorting genetic algorithm II
(NSGA-II) and technique for order preference by similarity ideal solu-
tion (TOPSIS) has been proposed. The relative secondary channel width
dr, relative longer-edge length W1r of the fin under the inlet, relative
channel width Wcr and relative channel wall width Wwr are selected as
four dimensionless optimization variables. Minimizing the total thermal
resistance Rt and pumping power Pp meanwhile under constant water
flow rate is the optimization objective. To ensure that all designs are
well spread over the design space, a design matrix with 160 sample
points are generated by Opt LHD. The Pareto chart analysis is per-
formed to identify the dominant design parameters influencing the
optimization objective. Approximate models between the objectives
and design parameters are generated by RSM and NSGA-II is selected to
minimize Pp and Rt. 374 Pareto-optimal solutions are obtained and
verified by CFD results. Compared with a simple MMC heat sink, the
optimal hybrid heat sink can reduce Rt by 18.83% under the same Pp.
Finally, TOPSIS combined with entropy weight method is used to ob-
tain the best compromise solution from the Pareto-optimal set.

2. Hybrid microchannel heat sink

2.1. Modeling

As illustrated in Fig. 2, an entire computational domain with one
inlet and two outlets is taken from the hybrid microchannel heat sink. A
total of ten microchannels is etched in the back of a 400 μm-thick si-
licon substrate. Two manifold outlets are located at both ends of the
heat sink and one manifold inlet is located between the two outlets. The
widths of manifold outlet Wout and inlet Win are 0.8 mm and 1.6mm,
respectively. The longer-edge length W2 of the fin except those under
the inlet is 500 μm. The heights of the inlet/outlet and base are Hi-

o = 300 μm and Hb= 100 μm, respectively. The microchannel height
Hc and total channel length Lc are 300 μm and 10.6 mm, respectively. It
is clear that there is a symmetry between left and right halves of the
entire computational domain and half of it can model the thermal and
flow characteristics of the MMC-SOC heat sink. Therefore, we only
carry out simulation and optimization studies on half of the entire
computational domain. A laminar model is applied in our study because
that the Reynolds number ranges from 177 to 442. It should be pointed
out that the current study applies the same numerical method, in-
cluding the governing equations, boundary conditions, grid in-
dependence test, validation of the numerical results, etc., as in our
previous study [42].

2.2. Design variables and optimization objectives

As for microchannel, the channel height Hc, width Wc and wall
width Ww all have significant effects on the heat sink performance. Our
previous study [42] has indicated that the secondary channel width d
and the longer-edge length W1 of the trapezoid fin are two important
parameters. As for manifold microchannel heat sink, previous studies
[33,42] have indicated that both the manifold and microchannel sec-
tions must be considered simultaneously. Therefore the manifold inlet
width Win is chosen to optimize. Here, the secondary channel width d,
the channel width WC, the channel wall width Ww and the longer-edge
length W1 of the fin under the inlet are chosen as optimization vari-
ables. Four dimensionless design variables are also defined based on
those geometric parameters, i.e. the relative secondary channel width

(dr = d/Wc), the relative longer-edge length (W1r=W1/Win), the re-
lative channel width (Wcr=Wc/Hc) and the relative channel wall width
(Wwr=Ww/Wc). The variation ranges of these four dimensionless de-
sign variables are as follows: dr∈ [0.2, 2.5], W1r∈ [0.2, 2.5],
Wcr∈ [0.25, 1] and Wwr∈ [0.5, 1.2]. It should be noted that the var-
iation range should be as large as possible, so that the optimization can
be performed in a larger space. In addition, the variation range should
ensure successful modeling and manufacturing. The minimum value of
those four optimization variables is dmin= 15 μm, which is selected
based on the manufacturing limitation. Besides, the total flow length is
5.3 mm and we hope that there are at least two trapezoid fins to de-
crease the heat source temperature, one under the inlet and the other
near the outlet. Therefore, the maximum values of the secondary
channel width and the longer-edge length of the fin under the inlet are
designed as dmax= 750 μm and W1, max= 4mm. In the optimization
process, the total thermal resistance Rt and pumping power Pp of the
hybrid microchannel heat sink are selected as objective functions. The
total thermal resistance Rt is defined as

= =
−R T

Q
T T

Q
t Δ ,max max in

(1)

where Tmax is the maximum temperature of the heat source and Tin is
the inlet fluid temperature. Q is the applied heating power and is the
product of the heat flux q'' and heating area Ahs, i.e.

= ×Q q A'' .hs (2)

The pumping power Pp is expressed as

= ×P P qΔ ,p v (3)

where ΔP and qv are the pressure drop and volume flow rate, respec-
tively. The total thermal resistance Rt and pumping power Pp are si-
multaneously minimized at constant volume flow rate in the optimi-
zation process.

3. Optimization procedures

The entire multi-objective optimization flow chart is presented in
Fig. 3. The optimization procedure steps are as follows:

(1) Determine the design variables with corresponding design space,
and objective functions;

(2) Use the design of experiment (DOE) to obtain sample points in the

Fig. 2. (a) Schematic diagram and (b) geometric parameters of the MMC-SOC
heat sink.

M. Yang and B.-Y. Cao Applied Thermal Engineering 181 (2020) 115592

3



design space and then obtain the initial sample data points through
numerical simulation;

(3) Construct the approximate model between design variables and
objective functions according to the initial sample points by using
RSM;

(4) Obtain the Pareto-optimal solutions based on the multi-objective
genetic algorithm and compare these predictions with the CFD re-
sults to ensure the accuracy of the predicted values;

(5) Finally, TOPSIS combined with entropy weight method is used to
choose the best compromise solution (BCS) from Pareto-optimal
solutions.

3.1. Design of experiment

The location of the evaluation data points in design space used for
generating response surface is essential for RSM. The methodology used
for formulating the plan data points in design space is collectively
known as DOE, which is able to reflects the characteristics of design
space based on a small amount of data points. In the present study, Opt
LHD is used to obtain the plan data points in design space. Opt LHD
[47] can ensure the distribution uniformity of the sample points
through combination optimization. A total of 160 sample points is
generated by the Opt LHD method.

3.2. Response surface methodology

Approximate model revealing the relationship between the input
parameters and output responses should be constructed according to
the initial data points before the optimization of the geometric

parameters. The accuracy of approximate model significantly influences
the optimization results. In this study, two responses, i.e. the total
thermal resistance Rt and pumping power Pp, are selected as the ob-
jective functions and every response is influenced by four input vari-
ables. In order to construct the approximate model between the design
variables and objective functions, RSM is used in this study. RSM,
proposed by Box and Wilson [48], contains a collection of mathematical
and statistical techniques that can be used to analyze those optimiza-
tion problems with several input variables and output responses [49].
The main advantage of RSM is its ability to exhibit the factor con-
tributions based on reduced number of required data points. In this
study, a third-order polynomial function is used to generate the math-
ematical model between the response and the input and it can be ex-
pressed as follows:

∑ ∑ ∑ ∑= + + + +∼

≠

y β β x β x β x β x x ,i i ii i iii i
i j

ij i j0
2 3

(4)

where y is the fitted value of the model, xi and xj are the input vari-
ables. β0, βi, βii, βiii and βij are the constant, linear, quadratic, cubic and
interaction terms, respectively. It's necessary to check whether the
model fits the numerical data well after building the response surface
model. Generally, the coefficient of multiple determination (R2) can be
used to evaluate the predictive capability of the model:

=
−

=
∑ − − ∑ −

∑ −

∼
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where SST is the sum of squares for total, SSE is the sum of squares for
error, ȳ is the mean value of corresponding y and y is the response value
of the approximate model. In general, a larger value of R2 always means
a higher credibility of the model and R2 value is generally required to
be larger than 0.9.

3.3. Multi-objective optimization algorithm

In both scientific research and engineering practice, there are many
problems of optimizing multiple objectives at the same time, which are
collectively called multi-objective optimization problem (MOP). In
MOP, objectives are often in conflict with each other. When one ob-
jective is improved, some others may degrade. Therefore, it is im-
possible to make all objectives reach the optimum solution meanwhile.
A solution is called Pareto-optimal solution if no other solutions su-
perior to it can be found in the design space when all optimization
objectives are considered. In MOP, there is no single optimal solution,
but rather a set of solutions composed of multiple or even infinite
Pareto-optimal solutions. Generally, the multi-objective optimization
problem can be described as follows:
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≤ =
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where m and n are the number of objectives and optimization variables,
respectively. p and q are the number of inequality and equality con-
straints, respectively. X is the feasible decision space formed by the
decision vector x and Y is the goal space formed by the goal vector y. gi
(x) and hi(x) are inequality and equality constraints, respectively.
NSGA-II is selected to solve the RSM model established in the previous
section. In 2002, Deb et al. [50] proposed the NSGA-II algorithm and
their simulation results have proved that the NSGA-II algorithm is an
efficient and effective technique to solve the multi-objective problems.
The basic principle of NSGA-II algorithm can be divided into three key
steps: Firstly, the initial population is generated at random, and then
three basic operations, i.e. selection, crossover and variation, are per-
formed according to a certain probability after non-dominated sorting

Fig. 3. Multi-objective optimization workflow chart.
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to obtain the first-generation population. Secondly, a fast non-domi-
nated sorting is made by combining the parent population with off-
spring population together from the second-generation. Meanwhile, the
crowding degree of each individual in each non-dominated layer is
calculated. Then, those appropriate individuals are selected to form a
new parent population based on the non-dominated relationship and
the crowding degree of each individual. Finally, a new generation po-
pulation is generated by the basic operation of genetic algorithm until
the conditions for the end of the program are met. It should be noted
that a Pareto-optimal solution obtained by using NSGA-II may not be
the optimal solution of other optimization strategies.

3.4. TOPSIS

Selecting a relative optimal scheme from available alternatives, and
each of which has multiple attributes, is referred to as a multi-attribute
decision making (MADM) problem. For Pareto-optimal solutions ob-
tained in this paper, each solution has two attributes, i.e. the pumping
power Pp and total thermal resistance Rt. Therefore, selecting the re-
lative optimal solution from Pareto-optimal solutions is a typical
MADM problem. However, we cannot simply select the best solution
according to only their pumping power or thermal resistance because
every solution is the best structure under the corresponding working
condition. Therefore, we choose TOPSIS method to select the best
compromise solution. TOPSIS is based on the primary principle that the
chosen alternative solution should have the ‘‘farthest distance’’ from the
negative-ideal solution and the ‘‘shortest distance’’ from the positive-
ideal solution [51]. For MADM, determining attribute weights is crucial
to measure the relative importance in decision making process. Sub-
jective and objective methods are two widely used weighting methods.
The subjective method determines attribute weights by the preference
or experience of decision makers. By contrast, the objective method
determines attribute weights according to mathematical models
without considering the subjective judgement information of decision
makers, for example, the information entropy weight method. There-
fore, in order to objectively evaluate the Pareto-optimal solutions, we
attempt to apply the information entropy weight to obtain the attribute
weights and use the TOPSIS method to select the best compromise so-
lution.

4. Results and discussion

4.1. Sensitivity analysis

Sensitivity analysis, which can identify the effects of various input
parameters on objectives, is increasingly being considered as essential
for good modeling practice. Parameters with higher sensitivity coeffi-
cients are more important for modeling while those with much lower

coefficients can be neglected. Our previous simulation results [42] have
indicated that there is no definite relationship between the thermal
resistance and dr, or the pressure drop and dr. Therefore, a statistical
sensitivity analysis methodology named Pareto chart analysis is chosen
to quantitatively describe the effects of these four geometric parameters
on the optimization objectives. Pareto chart analysis is a widely used
approach in engineering applications to identify the most frequent de-
fects, complaints, or any other factors. A design matrix with 160 sample
points is generated by Opt LHD. According to the geometric parameters
of those sample points, UG is used to construct CAD model by para-
metric modeling, and then three dimensional polyhedral mesh is gen-
erated by STAR-CCM+. The heat transfer and flow equations are solved
by ANSYS Fluent 14.0 at a water volume flow rate of 0.08 L/min. The
above operations are integrated by using a software platform (e.g.
ISIGHT), and can be performed automatically, which improves the
optimization efficiency greatly. Fig. 4 shows the Pareto charts of Pin and
Tmax based on the 160 sample points, where the abscissa is the per-
centage of influence and the ordinate is four dimensionless design
parameters. The negative number represents a negative effect, while the
positive number represents a positive effect. Figs. 4(a) and (b) show the
effects of four geometric parameters on the inlet pressure Pin and the
maximum temperature Tmax of the heat source, respectively. It can be
seen that:

(1) Whether for Pin or Tmax, the design parameters Wcr has the most
significant effects and the effect degrees reach up to −77.69% and
79.12% respectively. Increasing Wcr would decrease Pin and in-
crease Tmax;

(2) For Pin, the effect of Wwr is smaller than Wcr but larger than W1r. In
addition, the design parameter dr has a negligible effect degree of
−0.08% on Pin;

(3) For Tmax, the effect of dr is smaller than Wcr but larger than W1r. In
addition, the design parameter Wwr has a negligible effect degree of
−0.6% on Tmax;

(4) Besides, whether for Pin or Tmax, the design parameter W1r has si-
milar positive effect degree and the effect degrees are 6.77% and
2.91% respectively.

The above analyses indicate that, in order to reduce the time and
cost in building approximate model between input parameters and
objectives, the effect of dr on Pin and the effect of Wwr on Tmax can be
ignored.

The temperature, pressure contours and the flow velocity, stream-
line distributions are analyzed at the same flow rate (0.08 L/min) to
show the effects of design variables dr and Wwr on the objective func-
tions before optimization. Fig. 5 displays the temperature and pressure
distribution contours for heat sinks with dr = 1.0, and dr = 1.5 when
other design variables are kept constant (W1r= 1.008, Wcr= 0.5 and

Fig. 4. Effects of geometric parameters on (a) inlet pressure Pin and (b) maximum temperature Tmax of heat source.

M. Yang and B.-Y. Cao Applied Thermal Engineering 181 (2020) 115592

5



Wwr= 1.020), which can illustrate the effect of dr on the flow and heat
transfer performance of the hybrid heat sink. Fig. 6 displays the tem-
perature and pressure distribution contours for heat sinks with
Wwr= 0.5 and Wwr= 1.0 when other design variables are kept con-
stant (dr = 1.623, W1r= 2.0, Wcr= 0.6), which can illustrate the effect
of Wwr on the flow and heat transfer performance of the hybrid heat
sink. In addition, we define the relative differences of inlet pressure Pin
and maximum temperature Tmax between two contrastive heat sinks as
follows:

−
=

− −

−

T T
T

T T
T

Δ Δ
Δ

( 293.15) - ( 293.15)
( 293.15)

,max1 max2

max1

max1 max2

max1 (7)

−
=

−P P
P

P P
P

Δ Δ
Δ

.1 2

1

in1 in2

in1 (8)

The relative differences of Pin and Tmax for heat sinks with dr = 1.0
and dr = 1.5 are −2.20% and 20.69% respectively. The relative dif-
ferences of Pin and Tmax for heat sinks with Wcr = 0.5 and Wwr= 1.0
are 23.45% and −5.84% respectively. The high-temperature regions of
the two heat sinks appear at the edge of the outlet due to the continuous
heat absorption of the coolant, while the high-pressure regions locate at
the entrance region (Fig. 5). It is obvious that the maximum tempera-
ture Tmax increases with increasing dr, but there is almost no obvious
change in pressure drop ΔP (i.e. Pin) between heat sinks with dr = 1.0
and dr = 1.5. The main reason for the different effects of dr on Pin and
Tmax can be explained from the variation of flow velocity and stream-
lines distribution around secondary fins. As shown in Figs. 7(a) and (c),
the maximum flow velocity is observed at the centre of the micro-
channel and the minimum value is located at fluid vortex. As pointed
out in our previous work [42], the secondary channel has a dual effect
on the pressure drop ΔP. On the one hand, it can increase ΔP by

promoting fluid mixing. On the other hand, it can reduce ΔP by pro-
viding more flow area, which results in that the main influence factor
on ΔP is the flow velocity in the main channel rather than the secondary
channel. As can be seen in Figs. 7(a) and (c), no obvious differences of
the flow velocity between heat sinks with dr = 1.0 and dr = 1.5 are
observed. Therefore, the design variable dr has limited influence on Pin.
In terms of the maximum temperature Tmax, larger dr means larger
secondary flow passage width d, which makes more coolant flow
through the secondary channels. In addition, larger dr brings larger
vortex. The flow streamline distributions of heat sinks with dr = 1.0 and
dr = 1.5 are shown in Figs. 7(b) and (d), respectively. It is obvious that
heat sink with dr = 1.5 has larger flow area. However, the high-tem-
perature region locates at the outlet edge. Larger dr brings larger sec-
ondary flow passage width d, which leads to no trapezoidal fin located
at the edge of the outlet. Therefore, the maximum temperature Tmax

increases with increasing the relative secondary channel width dr.
Similarly, the main reason for the different effects of Wwr on Pin and

Tmax can also be explained from the variation of flow velocity and
streamlines distribution around secondary fins. Fig. 6 shows the high-
temperature region of the heat sink with Wwr= 0.5 nears the edge of
the outlet, but for heat sink with Wwr= 1.0 it locates at the bottom
right edge due to the specific distribution of trapezoid fins. In addition,
the high-pressure regions of the two heat sinks all locate at the entrance
region. It is obvious that pressure drop ΔP (i.e. Pin) increases with in-
creasing Wwr, but there is almost no obvious change in the maximum
temperature Tmax between heat sinks with Wwr= 0.5 and Wwr= 1.0.
As shown in Figs. 8(a) and (c), smaller Wwr will reduce the channel wall
Ww and brings more main channels, which leads to lower flow velocity.
The water velocity of heat sink with Wwr= 0.5 is obviously lower than
heat sink with Wwr= 1.0. Therefore, heat sink with Wwr= 1.0 has
larger pressure drop ΔP (i.e. Pin). In terms of the maximum temperature

Fig. 5. (a) (c) Temperature distribution of the heat source; (b) (d) pressure distribution of the heat sink on x-y plane (z=0.15mm). (a) and (b) represent heat sink
with dr = 1.0, while (c) and (d) represent heat sink with dr = 1.5.
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Tmax, larger Wwr means larger channel wall Ww, which may lead to no
trapezoid fins located at the bottom right edge. Since Tmax is sig-
nificantly influenced by the distribution of secondary fins, heat sink
with Wwr= 1.0 has almost the same Tmax compared with heat sink with
Wwr= 0.5.

4.2. Response surface model fitting and error analysis

The approximate functions must be constructed before invoking
NSGA-II to generate Pareto-optimal solutions. A platform with response
surface methodology and multi-objective genetic algorithm is estab-
lished to construct the approximate functions and implement the sub-
sequent optimization. 140 data points (see Appendix A) are randomly
selected from the 160 data points to construct approximation model
and the remaining data points (see Appendix B) are applied to test the
availability of the model. A third-order polynomial surrogate functions
of pumping power Pp and total thermal resistance Rt are represented as
follows:

= + +

+ +

−

P 3.7452 0.0260W - 12.9690W - 0.6410W 0.1200W

17.4837W  2.9549W

0.0736W W - 0.0871W W - 1.1882W W - 0.0358W

- 7.5136W - 1.3348W ,

p 1r cr wr 1r
2

cr
2

wr
2

1r cr 1r wr cr wr 1r
3

cr
3

wr
3 (9)
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Figs. 9(a) and (b) show the linear regression of the approximate

models for pumping power Pp and total thermal resistance Rt, respec-
tively. The R2 values of Pp and Rt are calculated as 0.955 and 0.915,
respectively, indicating that the prediction accuracy of the surrogate
model has high reliability.

4.3. Optimization results and verification

The pumping power Pp and the total thermal resistance Rt are
conflicting. Therefore, there is no single geometric parameter of the
hybrid heat sink that yields the best design. Multi-objective optimiza-
tion using NSGA-II is conducted by minimizing Rt and Pp simulta-
neously. The parameter settings of NSGA-II in this study are presented
in Table 1. As shown in Fig. 10, a total of 2001 feasible solutions and
374 Pareto-optimal solutions are obtained by optimization. Those
Pareto-optimal solutions resemble a concave front named Pareto fron-
tier curve, which reveals a clear relation between the two conflicting
objective functions. As Rt decreases, Pp will increase. Every solution of
the Pareto-optimal solution represents one hybrid heat sink that there is
no other scheme that is better than this one under the same working
condition. Therefore, a designer can select the most appropriate one
from Pareto-optimal solutions according to their limits or priorities. It
should be noted that we can't judge which hybrid heat sink has better or
worse temperature uniformity at the exit because the temperature
uniformity isn't the optimization objective of this paper. But there is no
doubt that the optimized hybrid heat sink has better temperature uni-
formity within the entire heat source than those without optimization.
The numerical results of the simple MMC heat sink with
dr =W1r=Wwr= 1 and Wcr= 0.5, at a flow rate of 0.08 L/min is also
plotted in Fig. 10. The total thermal resistance and pumping power of
the MMC heat sink are 0.8763 K/W and 0.01078W, respectively. The
corresponding four dimensionless geometric parameters dr, W1r, Wcr

Fig. 6. (a) (c) Temperature distribution of the heat source; (b) (d) pressure distribution of the heat sink on x-y plane (z=0.15mm). (a) and (b) represent heat sink
with Wwr= 0.5, while (c) and (d) represent heat sink with Wwr= 1.0.
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Fig. 7. (a) (c) Flow velocity distribution, (b) (d) streamlines distribution around secondary fins on x-y plane (z=0.15mm). (a) and (b) represent heat sink with
dr = 1.0, while (c) and (d) represent heat sink with dr = 1.5.

Fig. 8. (a) (c) Flow velocity distribution, (b) (d) streamlines distribution around secondary fins on x-y plane (z=0.15mm). (a) and (b) represent heat sink with
Wwr= 0.5, while (c) and (d) represent heat sink with Wwr= 1.0.
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and Wwr of the optimized hybrid heat sink with the same pumping of
0.01078W are 0.817, 0.201, 0.34 and 0.5 and it’s total thermal re-
sistance is 0.7113 K/W, which is 18.83% lower than that of the MMC
heat sink. Although the initial data sample points used in modeling and
optimization are selected using the optimal Latin hypercube, it can
ensure that the points taken in the design space are uniform and rea-
sonable due to the excellent space filling property of the algorithm,
which can ensure that the influence of the initial data sample points on
the optimization results can be ignored.

In order to verify the optimization results, ten data points are ran-
domly selected from Pareto-optimal solutions to compare with CFD
results. The geometric parameters of those ten data points are extracted
for computational fluid dynamic simulations. The pumping power Pp
and total thermal resistance Rt getting from the optimization and nu-
merical results are shown in Table 2. The relative deviations E% for Pp
and Rt between them are calculated as

=
−

×E J J
J

% 100,CFD Pre

CFD (11)

where J denotes the value of thermal resistance or pumping power.
Whether for Pp or Rt, the absolute relative deviations all less than 15%.
In addition, the average value of the absolute relative deviations of
those ten data points is also calculated. The average relative deviations
of the pumping power and total thermal resistance are 7.90% and
7.75%, demonstrating that the convincing capability of the current
mathematical model for generalization.

As mentioned above, the parametric modeling (UG), mesh genera-
tion (STAR-CCM+) and computational fluid dynamics calculation
(ANSYS Fluent 14.0) are integrated by using a software platform. The
designer can use this platform to obtain sample points with design
parameters and corresponding optimization objectives automatically.
Additionally, a platform with response surface methodology and multi-
objective genetic algorithm is also established to construct response
surface and implement the subsequent optimization. The optimization
strategy has high efficiency and it will take about 160 h in total using a
computer with quad-core Intel processor. Therefore, the entire opti-
mization strategy is easy to use for designer in the practical design. In
addition, it is also convenient to optimize the performance of other
types of heat sinks using the optimization strategy with litter change on
these two platforms.

4.4. Best compromise Pareto-front solution

In present study, we choose the TOPSIS method and information
entropy weight to obtain the best compromise solution. The process of
determining attribute weights is described below:

(1) Create the initial matrix (rij)k×m with k solutions and m objective

Fig. 9. Linear regression of the approximate models for (a) pumping power Pp and (b) total thermal resistance Rt.

Table 1
NSGA-II parameters in this study.

Parameters Value

Population Size 20
Number of Generations 100
Crossover Probability 0.9
Crossover Distribution Index 10.0
Mutation Distribution Index 20.0

Fig. 10. The optimization results of the hybrid heat sink using NSGA-II.

Table 2
Feasibility analysis of the optimization results.

Point Prediction CFD E (%)

Pp (W) Rt (K/W) Pp (W) Rt (K/W) Pp Rt

1 0.00384 1.15700 0.00431 1.05732 11.05 −9.43
2 0.00441 1.10284 0.00431 1.07657 −2.27 −2.44
3 0.00479 0.95950 0.00514 0.98846 6.97 2.93
4 0.00540 0.85233 0.00594 0.91711 9.09 7.06
5 0.00673 0.79168 0.00721 0.89172 6.63 11.22
6 0.00841 0.75121 0.00985 0.81655 14.61 8.00
7 0.01206 0.70051 0.01294 0.77125 6.85 9.17
8 0.01221 0.69951 0.01270 0.62474 3.91 −11.97
9 0.01483 0.67550 0.01660 0.72330 10.65 6.61
10 0.01577 0.66828 0.01696 0.73143 7.01 8.63
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functions;
(2) Normalize the initial matrix by

∑=

∑

=

=

=

t
r

r
t, where 1;ij

ij

i

k

ij i

k

ij

1

1
(12)

(3) Calculate the information entropy Ej using

∑= −
=

E
k

r r1
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( ln );j
i

k

ij ij
1 (13)

(4) The attribute weight wj is defined as

=
−

∑ −
=

W
E

E

1

(1 )
.j

j

j

m

j
1 (14)

The weights of the pumping power Pp and total thermal resistance
Rt are 0.86 and 0.14 respectively. As shown in Fig. 10, the pentagram
represents the obtained BCS based on TOPSIS and entropy method. The
pumping power and total thermal resistance of the BCS are 0.00390W
and 1.14315 K/W respectively and the corresponding four dimension-
less geometric parameters dr, W1r, Wcr and Wwr are respectively 0.455,
0.204, 1.0 and 0.5. The BCS is located near the minimum pumping
power because that the pumping power has larger weight than total
thermal resistance. However, it should be noted that there are many
different approaches for determining the weights and the process of
selecting the final optimal solution is mostly carried out based on en-
gineering experiences and decision makers’ priorities.

5. Conclusions

Multi-objective optimization of the hybrid microchannel heat sink
combining manifold concept with secondary oblique channels (MMC-
SOC) is performed. Four dimensionless geometric paraters, the relative
secondary channel width dr, relative longer-edge length W1r of the fin
under the inlet, relative channel width Wcr and relative channel wall
width Wwr are selected as the design variables. The total thermal re-
sistance Rt and pumping power Pp are simultaneously minimized at
constant volume flow rate in the optimization process. The main con-
clusions are as follows:

1. A novel optimization approach, based on optimal Latin hypercube
design, Pareto chart analysis, response surface methodology, the
non-dominated sorting genetic algorithm II and technique for order
preference by similarity ideal solution, has been proposed and ap-
plied to deal with the multi-objective optimization of the MMC-SOC
heat sink. The optimization approach can also be applied to opti-
mize the performance of other types of heat sinks;

2. 160 sample points are generated by the Opt LHD method. The
Pareto chart analysis indicates that the design parameter dr has a
negligible effect on inlet pressure Pin and the design parameter Wwr

has a negligible effect on the maximum temperature Tmax. The
temperature, pressure contours and the flow velocity, streamline
distributions, visually show the effects of design variables dr and
Wwr on the objective functions;

3. RSM is used to generate approximate functions between the the
objectives and design parameters, and NSGA-II is selected to mini-
mize pumping power Pp and total thermal resistance Rt simulta-
neously. A total of 374 Pareto-optimal solutions are obtained and
verified by CFD results. The hybrid heat sink shows superior per-
formance compared with the original MMC design and can reduce Rt

by 18.83% under the same Pp;
4. Furthermore, TOPSIS with entropy weight method is introduced to

select the BCS from Pareto-optimal solutions. The BCS is located

near the minimum pumping power because that the Pp has larger
weight.
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