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Abstract: This research presents a surrogate model and computational fluid dynamic analysis-based
multi-objective optimization approach for microchannel heat sinks. The Non-dominated Sorting
Genetic Algorithm is suggested to obtain the optimal solution set, and the Kriging model is employed
to lower the simulation’s computational cost. The physical model consists of a coolant chamber, a
mainstream chamber, and a solid board equipped with staggered Zigzag cooling channels. Five
design variables are examined in relation to the geometric characteristics of the microchannel heat
sinks: the length of inlet of the cooling channels, the width of the cooling channels, the length of
the “zigzag”, the height of the cooling channels, and the periodic spanwise width. The optimal
geometry is established by choosing the averaged cooling effectiveness and coolant mass flow rate
which enters the mainstream chamber through the microchannel heat sinks as separate objectives.
From the Pareto front, the optimal microchannel heat sinks structures are obtained. Three optimized
results are studied, including the maximum cooling effectiveness, minimum coolant mass flow rate,
and a compromise between the both objectives; a reference case using the median is compared as
well. Numerical assessments corresponding to the four cases are performed, and the flow and cooling
performance are compared. Furthermore, an analysis is conducted on the mechanisms that impact
the ideal geometric parameters for cooling performance.

Keywords: microchannel heat sink; zigzag channel; flow field; heat transfer

1. Introduction

The combustor is the component with the highest operating temperature and shortest
life in the gas turbine, and more than 50% of its faults come from the combustion chamber,
as shown in Figure 1. The basic function of the combustor is to organize efficient combus-
tion under very harsh environmental conditions and convert the chemical energy of the
fuel into heat energy. With the continuous improvement of the performance of the gas
turbine, especially the urgent demand of high heat capacity and high temperature rise,
the available coolant in the combustor is increasingly reduced, thus making the cooling
problem more tough.

The design of the cooling structure of a gas turbine combustor is an important part of
combustor design technology. Whether the design is reasonable or not will directly affect
the performance and reliability of the combustor. Therefore, the temperature field on the
wall of the combustor is required to be uniform, and a lower temperature on the wall of the
combustor is required to be obtained at a smaller cooling flow rate. A microchannel heat
sink (MCHS) has the characteristics of satisfactory cooling effectiveness, which is suitable
for the cooling of combustor of the gas turbine.
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Combustor

Figure 1. Diagram of gas turbine combustor.

Tuckerman and Pease [1] postulated in 1981 that increasing heat transfer rates can be
achieved by shrinking liquid cooling channel dimensions to the micron scale. This offered a
practical solution to the cooling problem of hot end components, with advantages of a wide
heat dissipation area, excellent heat dissipation efficiency, and compact structure. From
then on, the ability of the microchannel heat sink (MCHS) to disperse a significant amount
of heat from a small region has drawn increasing attention in recent years. Scientists noticed
that the MCHS's capabilities are insufficient to provide efficient cooling. Therefore, many
efforts were made to increase the capabilities of the MCHS using various cross-sections of
duct, different channel geometries, and different coolant [2]. The MCHS's superior cooling
capability has led to its use in practical applications, such as fuel cells [3], vehicles [4], solar
absorber plates [5], etc. In the aspect of geometry of channel, Moradikazerouni et al. [6]
investigated the cooling effect of MCHS applied to a supercomputer circuit board with
five types of slots. They noticed that the triangular slot possessed the best cooling effect.
Three geometrical features affecting flow and heat transfer characteristics in MCHS for
Re range of 100-1000 were numerically examined by Gunnasegaran et al. [7]. It was
discovered that having the smallest hydraulic diameter can lead to better uniformity in
temperature and heat transfer coefficient. Khoshvaght-Aliabadi et al. [8] studied straight
MCHS and wave MCHS with various cross-section geometries. They discovered that inside
the straight MCHS, the hexagonal cross-section produces the greatest heat transfer increase.
For the wave MCHS, however, triangular cross-sections had the greatest heat transmission
rates. Wang et al. [9] and Chen et al. [10] looked into how geometric factors affected
the flow and heat transmission properties of MCHS with trapezoidal, triangular, and
rectangular shapes. The impact of geometrical parameters on the liquid’s properties and
heat transmission performance was examined by Chiu et al. [11]. The findings indicated that
thermal resistance is positively correlated with cross-sectional porosity within the 53-75%
range, and increases with further deviation from this range. Zhai et al. [12] discovered
that MCHS can obtain cooling enhancement equipped with ribs, grooves, cavities, and a
complex structure by studying and comparing various micro heat sinks with cavities and
ribs. Nowadays, because of its superior thermal performance over previous models and
ease of machining, the rectangular MCHS has arguably attracted the most attention [13,14].

In the aspect of numbers of layout of MCHS, the single-layer and two-layered MCHS
are commonly used. The double-layer structure has been widely used due to its better cool-
ing performance and smaller pressure loss. Four types of microchannel heat sinks (MCHS)
were compared by Gong et al. [15]: double-layer MCHS, single hole jet-cooling MCHS,
rectangle column fin MCHS, and traditional MCHS. The numerical results demonstrated
that the MCHS layout significantly affected heat transfer and fluid flow; the double-layer
structure offered excellent cooling capacity at the expense of an acceptable large pressure
drop. A double-layered MCHS with an upper and a lower channel layer, where the flow
directions in the two channels are opposite, was initially introduced by Vafai et al. [16]. It
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was shown that as compared to a traditional one-layer MCHS, the two-layer MCHS design
significantly enhances heat transmission. Simultaneously, a lower pressure decrease was
seen. Cheng [17] used CFD to simulate the flow and cooling properties in a stacked MCHS,
and the microchannel with embedded passive microstructure was chosen to compare with
the smooth microchannel. The outcomes showed that the passive structures in the stacked
microchannel outperform the smooth microchannels in terms of performance. In order to
forecast the thermal performance of a parallel flow double-layered MCHS on heat transfer,
Wong et al. [18] carried out a numerical analysis. They discovered that the thermal resis-
tance decreased as the aspect ratio increased. At Re > 1800, the staggered arrangement can
provide greater heat transfer property and temperature uniformity than the parallel flow
configuration. The properties of heat transmission and the impact of coolants, substrate
materials, and geometric factors on the temperature distribution of a double-layered MCHS
were examined by Hung et al. [19,20]. In addition, the ideal geometric characteristics for
minimizing the total heat resistance were discovered. Wu et al. [21] conducted a numerical
investigation to determine the complex relationship between the overall performance of
double-layered MCHS and its geometric parameters and flow conditions.

The staggered design, in which the flows in the top and lower channels are in opposi-
tion to one another, was examined in the aforementioned studies on two-layered MCHS.
The heat exchange between the hot fluid in the lower duct and the cold fluid in the upper
duct, both flowing in the same direction, was examined in a research on a parallel flow
two-layered MCHS [22]. In addition, analysis was conducted on how various parameters
affect performance. We discovered very little work on parallel flow in a two-layered MCHS
through our survey.

At present, the channel shape mainly includes the wavy microchannels and zigzag
microchannels. For wavy microchannels, Sui et al. [23] examined wave and straight MCHS.
They discovered that the secondary flow and chaotic advection of the wavy microchannels
produced considerably greater heat transfer performance than the straight microchannels.
Chamanroy et al. [24] examined the performance of straight and wavy MCHS and com-
pared the outcomes to the smooth examples. It was evident that the heat transfer coefficient
of wavy MCHS was higher than that of straight MCHS, and the pin-fins significantly
contributed to improving thermal performance while achieving a higher pressure drop.
Zuzana et al. [25] created two unique wavy MCHS to increase convective heat transport in
the channel. Compared to standard smooth channels, it seems that offset and in-line wavy
channels can reduce the temperature at heat exchange surfaces. Additionally, they noticed
that the thermal performance 7 falls with height and rises with Re. Using a combination
of experimental and computational methods, Singh et al. [26] studied a fully-developed
serpentine wavy channel solar air heater for the mass flow rate in the range of 0.01 kg/s to
0.04 kg/s. Situated between the first and third closed ones, the forced air convection chan-
nel functioned. The outcomes showed that thermal performance may be improved using
a serpentine wavy channel. Zhong et al. [27] used both computational and experimental
methods to investigate a unique sinusoidal MCHS with secondary branches. They conjec-
tured that the combination of the cross-channel mixing enabled by the secondary branches
and the Dean’s vortices created by the wavy channel enhanced convective heat transfer
because of the higher intensity of span-wise fluid mixing. Mohammed et al. [28] looked at
the flow and heat transmission properties in a wavy MCHS with a rectangular cross-section.
According to reports, the pressure drop is reduced and the heat transmission performance
of the wavy microchannels is significantly better than that of straight microchannels with
the same cross-section. Sakanova et al. [29] examined a multichannel heath system (MCHS)
that utilized a wavy channel structure and nanofluid application. The study examined
the impact of various nanofluid types on wavy amplitude, wavelength, volume percent,
and volumetric flow rate. They noticed that the use of nanofluids rendered the impact of
wavy channels undetectable. For zigzag microchannels, the impact of channel shape on
multichannel chain reaction speed (MCHS) was examined by Mohammed et al. [30] for
several channel forms, including zigzag, curved, and step microchannels, and compared
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to straight and wavy channels. They discovered that, for an MCHS with the same cross-
section, the zigzag MCHS had the highest friction factor, pressure drop, and wall shear
stress values, along with the lowest temperature and maximum heat transfer coefficient.
Experimental research on the thermal performance and flow characteristics of two distinct
MCHS kinds (continuous and cross-cutting) with various zigzag flow channel topologies
was conducted by Duangthongsuk et al. [31]. The results of the experiment showed that the
thermal performance of the two types was similar and that the nanofluid offered a higher
thermal performance. Ma et al. [32,33] looked into the flow and heat transfer properties
of rectangular and zigzag MCHS both numerically and empirically. They noticed that the
pressure drop was lower for zigzag microchannels than for rectangular microchannels.
Additional zigzag cavities decreased the fluid velocity and increased the area used for
heat transmission at the same time. A zigzag MCHS with a semi-circular cross-section
was experimentally studied by Dai et al. [34] throughout a range of R, (500 < R, < 900).
They thought that there were sporadic fluctuations in the fluid velocity within the zigzag
channel. In an effort to enhance mixing, Ren et al. [35] looked at the flow and mixing in
rotating zigzag MCHS both numerically and experimentally. They discovered that there
is no bend angle that is ideal for obtaining the optimum mixing improvement. The heat
transmission and hydraulic performance of a zigzag-serpentine MCHS with four different
angles were experimentally investigated by Peng et al. [36]. They discovered that a 45°
incidence angle yields the optimum surface temperature uniformity.

The optimization of MCHS in relation to its channel geometry and cross-section has
been widely investigated to increase the overall efficiency. Nemati et al. [37] adopted a
multi-objective genetic algorithm (MOGA) to optimize the shape for a wavy MCHS through
three-dimensional numerical simulations. The findings showed that with only a 10% in-
crease in pumping power, total thermal resistance was lowered to 87% of a straight channel.
In order to solve conjugated heat transfer difficulties, Lampio et al. [38] integrated analytical
convection findings with a numerical conduction solution. The multi-objective particle
swarm optimization (PSO) technique was then utilized to reduce mass and maximize
temperature in a forced convection. Consequently, the outer volume decreased by around
40% and the mass by almost 50%. A simplified conjugate gradient approach was used
by Leng et al. [39] to maximize the performance of double-layered MCHS. Channel width,
channel height at the bottom, and channel number were the optimization variables. In com-
parison to the three original designs, the maximum temperature change at the bottom wall
was lowered by 6.01, 5.29, and 2.99 K, respectively. Double-layer and double-side MCHS
were improved and compared by Sakanova et al. [40]. In comparison to single-layer, double-
layer with unidirectional flow, and double-layer with counter flow, the double-side MCHS
structure with counter flow exhibited a reduction in thermal resistance of 59%, 52%, and
53%, respectively, based on the ideal shape. A topology optimization technique for altering
the zigzag microchannels to improve mixing was presented by Chen et al. [41]. Following
topology optimization, the optimized findings showed excellent performance and a mixing
index greater than 93% for a wide range of Re. To maximize the Nu, Rostami et al. [42] de-
veloped a wavy MCHS using several geometrical parameters (aspect ratio, wall thickness,
amplitude, and wavelength). Additionally, numerical experiments demonstrated that wavy
microchannels had a higher Nusselt number than straight microchannels. A multi-objective
genetic algorithm (MOGA) was used by Normah et al. [43] to reduce an MCHS's pressure
drop and heat resistance. The optimized findings showed that circular microchannels have
reduced thermal resistance when they have the same hydraulic diameter and pumping
power. Using a novel gaseous coolant called ammonia gas, Adham et al. [13] employed a
multi-objective non-dominated sorting genetic algorithm (NSGA-II) to enhance the overall
performance of a rectangular MCHS. They discovered that using ammonia gas significantly
reduces the overall thermal resistance by up to 34%.

According to the relevant studies above, researchers have conducted extensive re-
search on MCHS, which can also achieve excellent cooling effect under smaller coolant
consumption. At the same time, the aforementioned studies primarily focused on the cool-
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ing of electronic equipment, with the fluid being considered non-compressible and flowing
laminarly [27-30]. The purpose of this study is to investigate a novel double-staggered
zigzag cooling channel MCHS cooling structure. In order to obtain the best cooling effect
while using the least coolant, this paper optimizes the five structural parameters that deter-
mine the zigzag cooling channels. The research results will provide some references for the
development of a new MCHS structure to obtain good heat transfer performance.

2. Optimization Methodology
2.1. Design Variables and Objective Function

Figure 2 is a schematic illustration of the internal channels of MCHS. The MCHS
was equipped with two staggered channels, channel 1 and channel 2; both channels were
zigzag. The two channels achieved convective heat transfer on the solid board, and the
two staggered channels improved the heat transfer effect and its uniformity. The total
length of the MCHS was 220 mm and the total height was 5 mm. The length of the channel
was 200 mm.

Coolant
chamber

Mainstream

Inlet of
channel 1

Outlet of

Outlet of Microchannel heat Channel 2 channel 2
channel 1 sink (MCHS)
S 1| T
e T
| | :}HO

Unit:mm

Figure 2. Three-dimensional geometry of the MCHS with internal channels.
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Five geometrical parameters, including length of inlet of the cooling channels (A)
(the inlet and outlet possess the same dimensions), the width of the cooling channels (B),
the length of the “zigzag” (Z), the height of the cooling channels (H;), and the periodic
width (W) were selected as design variables. Table 1 lists these five parameters’ lower and
upper bounds.

Table 1. Optimizing levels and related factors.

Parameters Lower Bound Central Point Upper Bound
A 2 4 6
B 2 4 6
144 14 16 18
H, 1.2 1.6 2
Z 5 12.5 20

Two independent objective functions were chosen in this paper. One was the overall
cooling effectiveness (#,v¢) to evaluate to cooling performance quantitatively, and the other
was coolant consumption (m.) to evaluate the coolant used, which is the mass flow rate
entering the mainstream chamber through the internal channels. The 74, is defined as:

T — T,
Nave = == aveH, (1)

To — T¢
where T is the mainstream temperature, T,y is the average temperature of solid board
in the hot side, and T, is the cold gas temperature.
The main purpose of this paper is to maximize the 7,5 while minimizing the m..
Consequently, the mathematical model for optimization can be described as:

maxF; (A, B,W,H1,Z) = Have
{ minF,(A,B,W,Hy,Z) = mc
Amin <AL Amax
Bmin S B S Bmax (2)
s.t. Wmin <W< Wmax
Hlmin < Hl < Hlmax
Zmin < Z < Zmax

where F (A, B,W,Hy,Z) and F,(A, B,W, Hy, Z) are the surrogate model’s fitness functions.

2.2. Brief Description of CFD Modeling

Figure 3 presents the overall view of the mesh. The computation domain consists of
coolant chamber, mainstream chamber, double-staggered zigzag cooling channels, and a
solid board. The length of the cooling channel was 200 mm, and the MCHS was 220 mm.
To improve the stability of the airflow, the inlet and outflow were expanded by 100 mm,
while the mainstream chamber and coolant were both 400 mm. The structured grids were
generated using the software ICEM CFD 17.0. A local grid refinement was applied in the
near-wall regions, and y+ of the first layer near the wall was less than 1. To achieve this
requirement, the first layer’s mesh in close proximity to the wall was 0.0001 mm, with a
grid growth rate of 1.2.

The reliability of the calculation is highly dependent on the selection of the turbulence
model, and each turbulence model has its most suitable application situation. Therefore,
choosing the right turbulence model for the zigzag MCHS is crucial. Singh et al. [26]
has pointed out that the RNG k — £ model has the best accuracy for simulating zigzag
MCHS. In addition, according to our study of similar structures, we have found that the
RNG k — € model is more suitable for the prediction of lamilloy cooling with internal
channels [44,45]. Therefore, in this work, the RNG k — ¢ model was utilized using the
commercial program ANSYS CFX 17.0. The temperature and flow fields in the solid and



Energies 2024, 17, 818

7 of 18

Coolant
outlet

fluid domains were solved using the 3D stable viscous Reynolds-averaged Navier-Stokes
(RANS) equations. Heat transport in the interface was also calculated using the fluid-solid
surface. The convective term, diffusion term, and source term were spatially discretized
using the second-order difference technique. When all residuals were less than 10>, the
solutions were said to have converged.
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Figure 3. Mesh of numerical calculation.

In the process of simulation calculation, the fluid medium is ideal gas, with a turbu-
lence intensity of 5%, which is pressure and temperature dependent. The inlet speed of
the coolant is 10 m/s with static temperature of 740.15 K; the outlet average static pressure
of the coolant is 2.2885 MPa. The inlet speed of the mainstream is 72.76 m/s with static
temperature of 1795 K; the outlet average static pressure of the mainstream is 2.1965 MPa.
All the spanwise surfaces are assumed to be translationally periodic.

To obtain the convergence result quickly, the initial conditions are set as follows.
Coolant chamber is 10 m/s with static temperature of 740.15 K and mainstream chamber is
72.76 m/s with static temperature of 1795 K, which are consistent with boundary conditions.
The internal channels are 50 m/s with static temperature of 740.15 K, and the solid domain
is 1000 K.

The sensitivity analysis of the results of numerical simulation were carried out,
and there were five distinct cell counts employed, specifically 2.85 million, 3.72 million,
4.41 million, 5.36 million, and 6.52 million. Figure 4 presents the 7,5c versus the mesh
number; it demonstrates that starting with the second configuration, increasing the grids
further did not significantly affect the solution, and the outcomes of such an arrangement
are acceptable. All computations in this inquiry were performed on a computational cell
with 4.41 million grids.
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Figure 4. Grid independence calculation.

2.3. Brief Description of Optimization Flow Chart

Figure 5 illustrates the entire Kriging-based optimization process. The design space is
established and five design variables are originally chosen.

Problem setup

Design variables and objectives function

.

Deciding of factors and levels

Lower and upper bound of variable are set

.

Design of experiments(DOE)
Selection of design points by CCD

.

Numerical analysis(CFD)

Determination of the objective function values of

the designs

.

Construction of surrogate model
Surrogate model construction using the evaluated

objectives

.

Search for optimal point
Optimal point search from constructed surrogate

using optimization algorithm

no

Is optimal point within design space?

( Optimal design )

Figure 5. Optimization procedure using kriging method [46].
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Next, utilizing central composite design (CCD) as the design of experiment, the design
points inside the design space are chosen. The coolant usage and total cooling efficacy
are the values of the objective function. After constructing the Kriging model, NSGA-II
searches for optimum spots.

Modeling approaches are necessary in order to generate an appropriate surrogate
model. DoE often comes in a variety of forms, such as Latin hypercube design (LHD),
complete factor design, partial factor design, and central composite design (CCD). The
CCD approach expands the design space and obtains higher-order information, which
has the advantages of simple design, less test times, and good predictability, and has been
applied to solar cooling [47]; this method is used in this paper. Axial (or star) points and a
two-level complete factor design are included in the CCD. The axial number and two-level
complete factor number are both 2k in the case of k factors. The number of center points
(Nc) and the number of factors (k) determine the total number of experimental trials (N).
The total number of trials conducted in the experiment is stated as:

N, = 242k + N, 3)
The following formula is used by CCD to connect star points to full factor points:
starypper = base + (upper — base) x w, (4)

starjywer = base — (base — lower) x a, (5)

where base, lower, upper are the center point of zero level, the low-level point and the
high-level point of the full factor design, respectively, and lower < base < upper.

The « is the scale factor; when a < 1, the staris located inside the full factor design,
when a > 1, the star is located outside the full factor design, and when a = 1, the star is
located at the center of the full factor design surface.

In this article, k =1, N. = 1, « = 1. Thus:

N, =2°4+2x5+1=43, (6)

Here, CCD is used at two levels with five parameters. Table 1 displays each variable’s
placement.

Building the surrogate model, which lowers computing costs, comes next after com-
pleting the numerical analysis using the sample points identified by CCD. Various surrogate
models, including the RSM, Kriging model, and radial basis function neural network (RBF)
model, have been created and utilized in the optimization of electrical machinery. It is
possible to substitute the CFD needed for the optimization implementation with these
stand-in models. Using random variables, one statistical method to estimate the value at
non-design sites is the Kriging method. Kriging models are most commonly represented
by a constant term plus a departure.

y(x) = f(x) + Z(x), ()

The unknown function of interest, denoted as y/(x), is known as f(x), and the deviation
Z(x) represents the realization of a stochastic process with nonzero covariance, variance of
02, and mean of zero [48]. In this model, f(x) can be thought of as a “global” approximation
for the entire design space, while Z(x) is added to create “localized” deviations so that the
model can interpolate sampled data points.

Table 2 shows 43 numerical designs selected by the CCD and their corresponding #a0.
and m.. The 1,0e and m, are calculated by the respective CFD model, which are elaborated

in Section 3.1.
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Table 2. Training and testing samples.

A B w H; z Have me

4 4 16 1.6 12.5 0.61553 0.00250
2 2 14 2 5 0.58179 0.00106
2 2 18 2 20 0.58975 0.00180
2 6 14 1.2 5 0.54361 0.00094
6 2 18 2 5 0.57071 0.00110
2 2 14 12 20 0.57944 0.00109
6 2 14 2 20 0.57902 0.00110
6 6 14 2 5 0.54381 0.00169
6 6 18 1.2 5 0.53975 0.00094
6 2 14 1.2 5 0.56171 0.00066
2 6 18 1.2 20 0.60485 0.00266
2 6 14 2 20 0.63661 0.00546
2 6 18 2 5 0.58008 0.00167
6 6 14 12 20 0.57931 0.00275
6 6 18 2 20 0.62764 0.00570
6 2 18 1.2 20 0.56954 0.00114
2 2 18 12 5 0.55592 0.00064
4 2 16 1.6 125 0.58126 0.00132
4 4 16 2 12.5 0.63305 0.00329
4 4 16 1.6 20 0.62767 0.00322
6 4 16 1.6 12.5 0.60016 0.00251
4 4 16 1.6 5 0.58557 0.00142
4 6 16 1.6 12.5 0.63262 0.00359
4 4 16 12 125 0.59487 0.00184
4 4 14 1.6 12.5 0.62507 0.00252
2 4 16 1.6 12.5 0.60784 0.00244
4 4 18 1.6 12.5 0.60890 0.00251
6 2 14 2 5 0.57986 0.00110
6 6 14 2 20 0.63098 0.00572
2 2 14 2 20 0.60358 0.00180
2 6 18 1.2 5 0.55515 0.00094
6 2 14 12 20 0.57955 0.00114
2 2 18 2 5 0.57189 0.00105
2 6 14 2 5 0.56640 0.00167
6 6 18 12 20 0.58139 0.00273
6 2 18 2 20 0.58894 0.00202
2 6 14 12 20 0.60821 0.00267
6 6 18 2 5 0.56392 0.00168
2 2 14 12 5 0.56251 0.00063
6 2 18 1.2 5 0.55513 0.00065
6 6 14 1.2 5 0.52198 0.00094
2 6 18 2 20 0.63001 0.00544
2 2 18 1.2 20 0.56951 0.00109

Based on a few distinct samples, error analysis was carried out to guarantee the
accuracy of the built model. Figure 6 (Response fit plots) shows actual versus predicted
response values for each response. It is evident that every point lies on or near the diagonal
line, which indicates the approximation model predicts well based on the error points. The
average error of #4y, and m. are 0.39% and 6.75%, respectively (calculated according to the

average value of |Predicated value — Actual value|/Actual value).

Relative graphs in Figure 7 show the discrepancy between the actual and expected
values for all error sample points for each response. The residual values are random and
follow a discernible shape with increasing response values, which indicate residuals are
ideal. Thus, the model has excellent accuracy, is suitable for further improvement, and

yields trustworthy optimization results.
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Upon building the Kriging surrogate model, the global Pareto front of optimum
solutions is searched. The best answers are really a trade-off between these goals; they are
technically non-inferior options, sometimes known as Pareto solutions. The multi-objectives
optimization procedure is used to obtain the Pareto solutions.

K. Deb and S. Agrawal [49] devised the Non-dominated Sorting Genetic Algorithm
(NSGA-II). For a geological search, NSGA-II has population Q and Pareto archive P. The
number of people in population Q is the same as the number of people in archive P in
NSGA-II, which is N.

When optimizing, ensuring sure that the quantity of “zigzag” in the zigzag microchan-
nels is an integer, the values of zigzag are defined as restricted values, as shown in Table 3.
Table 3. The restricted values for N.

N 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

z 200 16.67 1429 125 1111 100 9.09 833 769 714 667 625 588 556 526 5.0
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3. Results and Analysis
3.1. Optimization Results

Figure 8 shows the Pareto front of the ideal solution. Three common optimal design
points are shown in this image as Opt-A, Opt-B, and Opt-C, which stand for the various
alternatives for using TOPSIS to find the maximum #44., minimal m., and ideal solution,
respectively. The TOPSIS theory is predicated on the notion that the viable scheme of
choice ought to be near the ideal solution while being distant from the negative ideal
solution [50,51].
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Figure 8. Pareto front and the optimum solution selected by TOPSIS.

The optimized and numerical CFD results are displayed in Table 4. Both the projected
value from optimization and the CFD values are provided for the optimization scenarios. In
addition, the reference case (Ref) takes an intermediate value for each variable for compari-
son. Opt-A possesses the maximum 1,4, increased by 6.82%, 18.13%, and 3.95% compared
with the Ref case, Opt-B, and Opt-C, respectively, according to the CFD predictions. Mean-
while, m. is the largest, increased by 1.41 times, 8.90 times, and 0.67 times, respectively.
Opt-B possesses the minimum m, and yields a decrease of 9.58% in 40, and a decrease of
75.6% in m. with respect to the Ref case. For the compromise of both objective functions,
an optimal structure produces an increase of 2.76% in #,,. and an increase of 44.8% in m,
with respect to the Ref case. Additionally, the error of CFD values and predicted value
by optimization is small, indicating that the optimization process is accurate. The above
results show that different structural parameters have a huge influence on ., and can even
change its magnitude.

Table 4. Comparison of reference and optimized results.

Design Variables Have m, (kg/s)
A B w H, VA CFD NSGA-II CFD NSGA-II
Ref median 4 4 16 1.6 12.5 0.616 — 0.00250 —
Opt-A Maximum #4, 3.76 5.23 14.51 1.91 16.67 0.658 0.664 0.00604 0.00552
Opt-B Minimum . 3.09 240 16.25 1.31 5.26 0.557 0.564 0.00061 0.00040
Opt-C compromise 2.72 451 14.49 1.55 14.29 0.633 0.636 0.00362 0.00320
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(a) Ref

3.2. Comparison of Different Optimization Results

Figure 9 presents the local # distribution of the hot surface on solid board under
different optimization condition. Figure 9a is the reference case which is intermediate
value for each variable. It can be seen that on the MCHS, the position corresponding to the
channels has higher cooling effect, which indicates that staggered zigzag cooling channels
is obvious for improving cooling effect. Compared with Figure 9a, the structure of Opt-A
possesses the smaller W and bigger Z. It can be seen that Opt-A yields higher local 7, as
shown in Figure 9b, indicating that the optimized structural parameters can improve the
cooling effect, especially in the region of —100 mm < x < 100 mm. For Figure 9c, the
minimum 11, the structure of Opt-B possesses the bigger W and Z; this indicates that along
the x direction, the local # decreases, and the phenomenon of high cooling effectiveness
at the corresponding position of the internal channels disappears, which implies that the
more zigzags, the less m,, and the worse the cooling effect.

17:0.58 0.59 0.6 0.61 0.62 0.63 0.64 0.65 0.66 0.67 0.68 0.69 0.7

A

172 0.63 0.64 0.65 0.66 0.67 0.68 0.69 0.7 0.71 0.72

:

17:0.6 0.61 0.62 0.63 0.64 0.65 0.66 0.67 0.68 0.69 0.7 0.71 0.72

100

X/mm

Figure 9. Comparisons of local 7. (a) Ref case, (b) maximum #40¢(Opt-A), (¢) minimum m.(Opt-B),
(d) compromise between both objectives (Opt-C).
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Figure 10 presents the local velocity distribution at z = 0 section of staggered zigzag
cooling channels. It can be seen that Figure 10b has the least amount of zigzag, the coolant
flows along the zigzag channels, and the velocity amplitude in its section is the largest, that
is, the coolant flow (m.) through the channels is the largest, so the cooling effect is the best.
Figure 10c has the most amount of zigzag, and the flow rate in its section is the smallest.
At the same time, because its spanwise width (W) is the largest, both of them lead to the
lowest cooling efficiency.

| N .

f \ )

X/mm

Figure 10. Comparisons of local velocity. (a) Ref case, (b) maximum 7,5, (Opt-A), (¢) minimum .
(Opt-B), (d) compromise between both objectives (Opt-C).

To decide the uniformity of temperature distributions at hot surface on solid board
under different optimization condition, the two-dimensional temperature gradient is used.

dr  [[aT\* , [aT\? o

w\(&) (&) Y

Figure 11 presents the local temperature gradient at z = 0 section of staggered zigzag
cooling channels. It can be seen that the temperature gradient of the four structures is
larger at the inlet of the coolant. The temperature gradient corresponding to Opt-A is the
largest, especially at the position of the coolant channels. Due to the strong heat transfer
effect of the cooling flow, the local temperature gradient is larger. The temperature gradient

of Opt-B is small in the whole flow path, indicating that the temperature uniformity of the
structure is the best.
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Figure 11. Comparisons of the temperature gradient. (a) Ref case, (b) maximum #740. (Opt-A),
() minimum . (Opt-B), (d) compromise between both objectives (Opt-C).

4. Conclusions

In this work, a multi-objective optimization method for a microchannel heat sink
(MCHS) based on computational fluid dynamics is carried out. To be specific, using the
central composite design (CCD) method, 43 groups of structural parameters were selected
for numerical calculation. Kriging model was used to establish the corresponding relation
between the input geometric parameters and the objective function. The NSGA-II was
applied to optimize the geometric parameters to obtain the maximum cooling effect and
minimum coolant consumption. Finally, TOPSIS was used to select a group of structural
parameters to achieve a compromise between two objectives. The following are the list of
particular conclusions:

e  The established approximation model predicts well based on the error points; the
average error of #gy, and m, are 0.39% and 6.75%, respectively.

e  Thelength of the “zigzag” (Z) and the periodic width (W) have a significant influence
on the 77,0¢ and m; to be specific, more zigzags and bigger periodic width obtain a
worse cooling effect and consume less ..



Energies 2024, 17, 818 16 of 18

e  The error of CFD values and predicted value by optimization is small, and an optimal
structure produces an increase of 2.76% in 1,0 and an increase of 44.8% in m. with
respect to Ref case.

e  The structure of Opt-A possesses a smaller W and bigger Z; it can be seen that Opt-A
yields higher local #. The structure of Opt-B possesses a bigger W and Z; it can be seen
that along the x direction, the cooling effectiveness decreases, and the phenomenon
of high cooling effectiveness at the corresponding position of the internal channels
disappears, which implies that the more zigzags, the less m., and the worse the
cooling effect.

e Topology optimization can automatically generate free-form and efficient structures,
and this numerical method has been introduced into the field of thermal fluid structure
design in recent years. It is expected that the flow and heat transfer characteristics of
the channels can be further improved by topological optimization.
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