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Abstract—Microchannel heat sinks have been widely used in high-density packaged electronic device cooling tech-
nology. We combined the cantor fractal structure with the microchannel heat sink to design a new type of microchan-
nel structure. Combining fractal structure with microchannel heat sink is one of the cutting-edge technologies of heat
transfer to solve the heat dissipation problem of high heat flux electronic equipment. We chose the width-to-height
ratio of the microchannel inlet (a/b), the width-to-height ratio of the Cantor fractal baffle (B/h) and the ratio of the
microchannel inlet width and the distance between each group of baffles (a/4) as design variables, and the optimiza-
tion objective was to make the global thermal resistance and pump work minimum. First, the pressure drops, tempera-
ture, and velocity of the microchannel heat sink were analyzed. Then, to consider the fluid heat transfer and pressure
drop comprehensively, the enhanced heat transfer factor PEC was used to evaluate the comprehensive heat transfer
performance of the microchannel. The final optimized structure PEC values were all greater than 1. In the Reynolds
number (Re) range of 100-500, its enhanced heat transfer factor PEC is 1.56-1.79, which indicates that the heat trans-
fer effect of the optimized microchannel heat sink is greatly enhanced than that of the conventional microchannel.
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INTRODUCTION

With the rapid development of science and technology in the 20th
century, microelectromechanical systems (MEMS) are an emerg-
ing technology field, resulting in unprecedented challenges in the
field of heat transfer, and micro-scale heat transfer technology has
rapidly become a hot topic [1-7]. As MEMS technology advances
day by day, the study of heat dissipation in electronic devices has
become an important direction in the development of science and
technology. The problem of electronic device failure due to high
temperature has received considerable attention from scientists and
scholars. This makes it urgent to develop highly efficient and low
resistance microchannel heat sinks for electronic devices to main-
tain their reliability and lifetime, which are of great significance in
cooling electronic devices with high heat flow density [8-15]. Micro-
channel heat exchangers have superior performance, such as com-
pact structure, large specific surface area, high efficiency; light mass,
safe. There are many factors affecting the performance of microchan-
nel heat sinks, such as the structural dimensions of microchannels
[16-25], microchannels with ribs or baffles [26-30], and fluid-solid
materials [31,32]. Microchannel heat sinks are widely used in medi-
cal, aviation, chemical, refrigeration technology and many other
fields [33-37].

To simulate the heat transfer performance of a silicon-based paral-
lel microchannel heat sink, a complete three-dimensional conju-
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gate heat transfer model was developed by Li et al. and geometric
structure was optimized. The thermal resistance of the optimized
microchannel heat sink was calculated based on the 3D conjugate
heat transfer model for different pump power at a water-cooled heat
sink power of 0.05W and compared with the preliminary experi-
mental results of Tuckerman and Pease in 1981. This comparison
showed that the cooling capacity could be increased by more than
20% using the optimized microchannels [38].

Chen characterized the morphology of rough surfaces with Can-
tor set structure, based on which a rough microchannel laminar
heat transfer model was developed and numerically analyzed. The
effects of Re, relative roughness and fractal dimension on laminar
heat transfer were investigated. The results show that the local Nus-
selt number after the inlet region is no longer constant but fluctu-
ates along the rough microchannel. Unlike for smooth microch-
annels, the average Nusselt number increases approximately lin-
early with the Re, which is larger than the classical value. At higher
relative roughness, flow through the roughness causes flow separa-
tion, which contributes to laminar convective heat transfer. In addi-
tion, laminar heat transfer in microchannels is also enhanced by
roughness with a larger fractal dimension, which produces more
frequent changes in the surface profile even at the same relative
roughness [39].

Mohd used a multi-objective genetic algorithm (MOGA) to opti-
mize the hydraulic diameter and wall width ratio of square and circu-
lar microchannels to minimize the two objective functions. The
thermophysical performance of the system was obtained by mea-
suring the average experimental saturation temperature on a hori-
zontal microchannel test bench using liquid ammonia as the coolant.
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Fig. 1. (a) Rectangular microchannel heat sink model (b) Single microchannel model (c) Microchannel structure (d) Cantor fractal schematic.

The optimization results showed that the circular microchannel
had a lower thermal resistance for the same hydraulic diameter and
power [40].

Entropy generation minimization (EGM) was considered as a
single objective function by Adham. Genetic algorithms (GA) were
used to perform the minimization and showed extraordinary per-
formance. In this paper, the overall performance of a rectangular
microchannel heat sink under laminar and turbulent flow condi-
tions is investigated using an effective combination of EGM and
GA. The entropy yields reach their optimum values after 12, 8 and
13 generations when the volume flow rates are 0.005, 0.007 and
0.009 m’/s, respectively. In addition, the total thermal resistance in
the turbulent flow region is significantly reduced. Finally, a paramet-
ric study was carried out to investigate the effects of flow channel
aspect ratio, fin spacing ratio, Re and different materials on the over-
all performance of the system, and good results were obtained [41].

In this paper, the pump power and thermal resistance objective
functions of each design point in the design variable space are ob-
tained, and then the surrogate model of the objective function about
the optimization variables is established; the optimal solution set
in the design space is obtained through the multi-objective optimi-
zation algorithm. The optimal solution is chosen according to spe-
cific needs. And the enhanced heat transfer factor PEC is used to
evaluate the integrated heat transfer performance of the microchan-
nels. It is found that combining multi-objective genetic algorithm and
fractal theory can greatly improve the integrated heat transfer perfor-
mance of microchannel heat sink through research and analysis.

MODELING AND THEORETICAL BACKGROUND

1. Microchannel Heat Sink Modeling
In this paper, a Cantor fractal baffles structure is set in the side
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wall of a rectangular microchannel; the studied single-layer paral-
lel rectangular microchannel heat sink is shown in Fig. 1(a). The
flowing medium is deionized water, the heat sink matrix material
is silicon, and the bottom of the solid is equipped with a constant
heat flow density q=1.0x10" W/m’. The model uses fluid-solid cou-
pling, and the structural parameters of the solid domain are height
H, is 0.2 mm, width W, is 4 mm, and length L, is 4 mm.

We chose to study the flow characteristics of rectangular micro-
channels by adding rectangular slots on the sidewalls of rectangular
microchannels because the heat transfer performance of rectangu-
lar microchannels is found to be better. As shown in Fig. 1(b), Since
each microchannel is arranged linearly, a single microchannel is
selected for the analysis. The rectangular slots are arranged sequen-
tially in the flow direction of the microchannels, and the sides are
staggered. The overall modeling was performed using SolidWorks
2018 software.

2. Fractal Principle

Cantor fractal principle was first introduced by the German math-
ematician, Georg Cantor [42]. It is the set of point sets obtained from
simple linear segments. Although Cantor himself defined this point
set in an abstract way, the most popular construction is the Can-
tor triple fractal set. Fig. 1(c) and (d) show a baffle structure based
on Cantor fractal principle. A line segment of length L is divided
equally into three segments. The initial length of the fractal baftle
is a, the height of the first level fractal baffle is b, the height of the
second level fractal baffle is b, and the length is a;.

3. Boundary Conditions and Control Equations

In this paper, COMSOL Multiphysics 5.5 software was used to
perform numerical simulation analysis. This software is a numeri-
cal simulation software based on the finite element method, which
can solve some partial differential equations of physical simulation.
We made the following assumptions before numerical simulation
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of the microchannel heat sink: The flow field distribution and heat
transport processes in the microchannel are steady state. Fluid is
incompressible. Thermophysical properties of solids remain un-
changed. Ignoring natural convective heat transfer and jurisdic-
tional heat transfer around the microchannel, the surfaces in con-
tact with the outside world are thermally insulated, except for the
bottom, which gives a constant heat flow. Gravity and viscous dis-
sipation of the fluid are ignored. Under these assumptions, the con-
trol and momentum equations based on the continuous medium
assumption and the Navier-Stokes equations are established.

Momentum equation:
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where, u, v, w is the partial velocity in the x, y; z direction, m/s; 2«
the dynamic viscosity of the fluid, Pa-s; oy the density of the inter-
nal fluid workpiece, kg/m”.

Continuity equation:

8u 6v ow _

ox 6‘)7 oz @)
Energy equation:

p_C(aT_Hlﬂ“_HlT) 8T 6T 6 )
N 7 A VR

where, T is the thermodynamic temperature, K; ¢y is the specific
heat capacity of the fluid, J/(Kg-K); 4 is the thermal conductivity
of water, W/m-K.

The initial conditions set are: The working fluid inlet tempera-
ture of the rectangular baffles microchannel heat sink is 300 K and
the initial velocity is v. The inlet of the rectangular baffles micro-
channel is set as velocity inlet and the outlet is set as pressure as
outlet. The contact surface between the working fluid and the wall
of the microchannel heat sink is set as a no-slip boundary condition.
The intersection of the working fluid and the solid wall is set to
the fluid-solid coupling boundary. Constant heat flow rate is applied
by the heat source chip to the rectangular baffles microchannel heat
sink substrate.

The hydraulic diameter is the ratio of four times the cross-sec-
tional area of the fluid to the wet perimeter, defined by the equation:

4A
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where, A, is the channel inlet cross-sectional area, P is the wet perim-
eter. In this paper the design of the inlet is rectangular, the height
is H, the width is W, and the hydraulic diameter is calculated by
the formula:
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Newtons cooling equation, as the basic equation for convective heat
transfer, is defined as follows:

When the fluid is heated:
q=h(t,~t) ®)
When the fluid is cooled:
q=h(t-t,) ©)

where h: convective heat transfer coefficient (also known as sur-
face heat transfer coefficient), W/(m?K), t, and t; are the average
solid wall temperature and the average fluid temperature, respec-
tively. In this paper, the numerical simulation is carried out under
the condition of constant heat flow density at the bottom. Then the
convective heat transfer coefficient is:
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The physical meaning of Re is the ratio of the inertial force to the

viscous force and is a dimensionless number used to characterize
fluid flow. Re is defined as:

Re=——" (11)

where, p: fluid density, kg/m’; v: average inlet flow velocity, m/s;
D,;: hydraulic diameter mm; 4 dynamic viscosity, Pa-s.

The Fanning friction factor f [43], named after John Thomas
Fanning, is a dimensionless number used as a local parameter in
continuous medium calculations. It is defined as the ratio of local
shear stress to local flow kinetic energy density.

D;,2AP
Lo
where, AP: inlet and outlet pressure drop, Pa; L: length of microchan-
nel, mm.

The Nusselt number is a dimensionless number that represents
the strength of convective heat transfer, the physical meaning is the
ratio of the thermal resistance of the bottom layer of the fluid lam-
inar flow to the convective heat transfer thermal resistance. The
formula is defined as follows:

f= (12)

13)

where, A: thermal conductivity, W/(m-K), D;: hydraulic diameter,
mm; h: heat transfer coefficient, W/(m*K).

The Prandtl number is a dimensionless parameter characterizing
the relative importance of momentum exchange and heat exchange
in fluid flow and it reflects the effect of the physical properties of
the fluid on the convective heat exchange process.

Cot

Pr= 7

(14)

where C,is the specific heat capacity of the fluid at constant pres-

sure, J/(kg-K).
Colburn in the study of heat and mass transfer proposed the heat
transfer factor j [43], which is a dimensionless number describing

Korean J. Chem. Eng.(Vol. 39, No. 8)



2072 H. Wang et al.

the strength of heat transfer. It is defined as:

hPrZ/S

PCu

To integrate the heat transfer and pressure drop of the fluid, it is
pointed out that the enhanced heat transfer factor PEC [44] is more
reasonable than the entropy yield and heat transfer coefficient to
evaluate the integrated heat transfer performance of the microchan-
nel. The enhanced heat transfer factor is based on the relationship
between the power consumption of the pump (fan) proportional
to the third power of the rotational speed, and the evaluation method
derived under the condition of equal power consumption.
The enhanced heat transfer factor is expressed as follows

PEC= (I—?-i) / (f—Dm (16)

where the relevant physical quantities of the conventional micro-
channel carry the subscript 0.
4. Verification of Mesh Independence

To verify the accuracy of the calculation, we verified the mesh
independence. As shown in Fig. 2(a), we tested four meshes, 157,524,
384,181, 702,889 and 1,988,540, when the flow velocity was 0.7856
m/s. We studied the velocity distribution at the exit (Z=0-0.1 mm)
under four different meshes. The greater the number of meshes,
the more accurate the simulation results, but the more time the
simulation process takes. Therefore, while satisfying accuracy, we
save calculation time as much as possible. We chose mesh 3 for the
numerical simulation of this article. In Fig. 2(b), we quote the re-
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search results of Yang Liu et al. and compare the numerical results
of this paper [45]. Since the model in this article is unique, we
quote the most similar model for data comparison. It can be seen
from the figure that the two results can be matched well, and the
error is within an acceptable range. It can be seen that as the flow
rate increases, the outlet temperature of the microchannel in this
study is lower, which improves the heat transfer effect of the micro-
channel.

MULTI-OBJECTIVE OPTIMIZATION

1. Design Variables and Objective Functions

Choosing the appropriate design variables to influence the heat
transfer performance is important for design optimization. As shown
in Fig. 3, we chose the width-to-height ratio of the microchannel
inlet (a/b), the width-to-height ratio of the Cantor fractal baffle (B/
h) and the ratio of the microchannel inlet width and the distance
between each set of baffles (a/4) as design variables. Based on experi-
mental studies and constraints of the model, the design variables
are set within a reasonable range, the width of the microchannel
a=0.1 mm, and the width of the cantor fractal baffle structure B=
0.09 mm. Since the height of the microchannel is 0.2 mm, so the
design range of b is 0.1-0.18 mm. The baffle structures on both
sides of the microchannel are symmetrically distributed, so the
design range of h is 0.03-0.05 mm. The overall length of the micro-
channel is 4 mm, and the number of baffle structures varies. There-
fore, the design range of h is 0.2-0.4 mm. Table 1 shows these design
variables and their ranges.
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Fig. 2. (a) Verification of mesh independence (b) Comparison of the study in this article with other studies.

Side view

Top view

Fig. 3. Design variables of Cantor fractal structure in microchannel radiator.
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Table 1. The value range of the design variables

Table 2. Design variables and objective function values at Re=100

R Design variables Design Design variables Objective functions

anee a/b B/h alA points  a/b  Bh  a/l P, (Re=100) R,(Re=100)
Minimum (min) 0.56 1.8 0.25 1 0.5711 2.8571 0.2756 0.1899 29.5667
Maximum (max) 1 3 0.5 2 0.7968 2.8939 0.2623 0.2119 34.8917
3 0.6640 2.2113 0.4437 0.3110 32.1417
4 0.5886 1.9737 02613 0.4029 28.3083
The optimization objective is to minimize the global thermal 5 07267 1.8480 0.3063 0.5497 32.1583
resistance R, and the pump work P, for a certain volume flow rate 6 06050 27607 0.4556 0.2150 31.1417
of the microchannel heat sink working medium by selecting dif- 7 06464 21739 03911 0.2921 31.4333
ferent sets of three design variables [40]. The global thermal resis- 8 0.8780 22843 0.3232 0.3102 35.7750
tance is defined as: 9 0.8703 29801 0.2554 0.2070 36.2917
T _T. . 10 0.7949 24523 0.2545 0.2580 33.6250
R,= #L 17) 11 05744 27108 04320 02050 30.1333
’ 12 0.7974 1.9608 0.2537 0.4686 32.6500
where: A, is the area of the bottom of the microchannel heat sink; 13 06196 24862 0.2555 0.2362 29.9833
T i the maximum temperature of the heat sink; Ty, is the fluid 14 08039 22167 03366 03289 34.7083
medium inlet temperature. Pump work is defined as. 15 05784 27027 02777 01935 29.3333
P,= NuA Ap (18) 16 0.7407 2.1429 0.4378 0.3390 33.7500
where: Ap is the pressure drop across the microchannel; u is the aver- 170835425496 03516 02579 356917
age flow rate of the medium in the microchannel; A, is the cross-sec- 18 0799420882 02610 0.3669 33.1083
tional area of a single microchannel; and N is the number of mi- 19 06188 20548 0.2790 0.3605 29.5917
cropasses. We have chosen the global thermal resistance R, and the 200678920000 0.2552 0.3736 30.1750
pump work P, as the objective functions, and the present multi- 2107396 23077 0.3020 0.2839 33.0583
objective optimization problem can be described as [41]: 22 0.6988 2.8391 0.4829 0.2032 33.6833
. r 23 0.6309 2.6011 0.2704 0.2162 30.5167
V-min - F()=[£,(x), ), ... £,(0)] (19) 24 06452 18634 02585  0.4936 29.3750
Min<x<Max, — xeR 25 06592 27273 02979 02119 31.8417
where V-min is the minimization of the vector, namely, each sub- 26 07776 19355 0.2845 0.4575 32.8000
objective function in the vector target fi(x) is minimized as much 27 0.5692 22059 0.2869 0.2920 28.6500
as possible, F(x) is the vector of the objective function, and x is the 28 0.5701 1.8036 0.3592 0.5337 28.7917
vector of the design variable. Min and Max are, respectively, the 29 07246 2.8481 0.3020 0.1978 33.6000
boundary value of the range of the design variable range. 30 0.6378 23136 04270 0.2687 31.3250

We take the global thermal resistance R, and the pump work
P, of the microchannel heat sink as objective functions. Since the
multi-objective optimization is to find the minimum value, f,(x)=
R, (=P,

We constructed the design space using design of experiments
(DOE) and determined the design points within the design range
using the Latin hypercube sampling (LHS) method. To obtain the
LHS design points, we used the Thsnormt’ function on Matlab R2018a
to select 30 uniformly distributed points for the three design vari-
ables. COMSOL Multiphysics 5.5 sottware was used to perform the
numerical simulation analysis. This software is a numerical simu-
lation software based on the finite element method, which can solve
some partial differential equations of physical simulation. The soft-
ware is used to simulate the design points and calculate the objec-
tive function values. Table 2 lists the objective function values cal-
culated by Navier-Stokes analysis for these design points for Re=
100. In this sampling scheme, the homogeneity of the sampling
scheme is maintained by measuring the maximum and minimum
distances between the design points.

The response surface analysis (RSA) method was used to estab-
lish the agent model of the above design points. Then, a multi-objec-

Table 3. Reference design and its objective functions values

Reference design
Design variables Objective functions
a/b B/h a/l P (Re=100) R (Re=100)
0.9653 2.8939 0.2519 0.2313 37.79

tive genetic algorithm was used to optimize the design variables in
the design range to obtain the Pareto optimal frontier solution set.
The objective function values of the reference design are listed in
Table 3.
2. Proxy Modeling

The mathematical method of RSA is used to model the agent
of the objective function [41], whose general expression is:

yx) =5+ Zilﬂixi + Zzl'ilﬂiix? + Zﬁ BiXX; (20)
where x is the design variable and N is the number of design vari-

ables. In this paper, N=3; for the second-order polynomial model

Korean J. Chem. Eng.(Vol. 39, No. 8)
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Table 4. Proxy modeling plausibility check

Table 5. Optimal set of solutions

Proxy modeling R’ R Design variables
Thermal resistance 0.9981 0.9972 a/b B/h a/ld
0.5647 2.0875 0.4991
used in this paper, Sis the coefficient. 0.5716 1.9332 0.4995
For the design variables and objective functions in Table 2, the 0.5630 1.9836 0.4997
MATLAB multivariate nonlinear fitting tool was used to obtain the 0.5600 1.8000 0.5000

proxy model expressions as:

R,=2.615688395+0.540268512#x(1)—2.010873895*x(2)
+0.746223573%x(3)—0.193674993*x(1)’—0.147164649*x(2)*
+0.123766116%x(3)*+0.059825221 #x(1) *x(2)
+0.384435511#x(1)*x(3)— 1.296339446%x(2) *x(3) (1)

P,=—0.106119445+40.4236024*x(1)+0.308465796+x(2)
+39.25272431%x(3)+1.816254095%x(1)*+11.03135924*x(2)
—4.065281508%x(3)’— 18.13794826*x(1)*x(2)
+0.294723937+x(1)*x(3)— 41.30556754*x(2) *x(3) (22)

Calculating the coefficient of determination R* and adjusting the
coefficient of determination R},; belong to the analysis of variance
method to test the credibility of the proxy model, which is used to
measure the degree of agreement between the fitted formula and
the actual value, and the closer R* and R},; are to 1 the better the
fit is, and R” and R},; are defined as [46]:

LG-7)
Rt @3)
Zi:l(Yi_yi)
(Z-DZL,F,-y)’
R};=1- Yy (24)

(Z_l_g)ZiZ:I(Yi_yi)z
where Z is the number of experimental points; in this paper Z=
30; g is the degree of freedom of design variables, equal to the num-
ber of design variables minus 1;y; ¥, y; are the true values at the
experimental points, the predicted values of the fitted curve and
the average of the true values at the experimental points, respec-
tively. The results of R* and R},; of this fit are shown in Table 4,
and their values are greater than 0.97, indicating that the fitted
results are in good agreement with the experimental point results,
and the confidence of the fit is high, which can be used for the next
optimization analysis.
3. Multi-objective Genetic Optimization

The sub-objectives in a multi-objective optimization problem are
generally opposed to each other, and a change in one sub-objective
may cause another or several other sub-objectives to become worse.
In this paper, for example, as the height-to-width ratio (a/b) of the
microchannel inlet increases, the pressure drop increases and the
thermal resistance decreases; as the width-to-height ratio (B/h) of
the Cantor fractal baffle increases, the pressure drop decreases and
the thermal resistance increases; as the ratio of the width of the
microchannel inlet and the distance between each group of baf-
fles (a/A) increases, the pressure drop increases and the thermal
resistance decreases. Therefore, each sub-objective can only be co-
ordinated and traded off according to the priority and weight of
different sub-objectives, so that each sub-objective can be optimized

August, 2022

as much as possible. As shown in Table 5, the essential difference
between multi-objective optimization and single-objective optimi-
zation problem is that its solution is not unique, but there is a set
of optimal solutions consisting of many Pareto optimal solutions,
and each element in the set is called Pareto optimal solution or non-
inferior optimal solution:

RESULTS AND DISCUSSION

Based on the optimal solutions obtained by the multi-objective
genetic algorithm, we selected a set of b=0.18 mm, h=0.05 mm, and
A=0.2 mm as the optimized final structure. The optimized fractal
microchannel and its corresponding reference microchannel and
regular rectangular microchannel are named as Optimized micro-
channel, Reference microchannel and R-Optimized microchan-
nel, respectively.

1. Flow Characteristics Analysis

Fig. 4(b), (c), (d) show the overall and four cross-sectional pres-
sure clouds of the microchannel. There are more red areas near the
entrance of the channel, indicating that the entrance pressure is
higher. The fluid pressure of the microchannel heat sink gradually
decreases from the inlet to the outlet. After adding the baffle of the
cantor fractal structure in the microchannel, the heat exchange area
of the entire channel is increased, which leads to a sharp increase
in the pressure drop in the channel.

The pressure drop in the cantor fractal microchannel is obvi-
ously greater than the pressure drop in the smooth channel, indi-
cating that if the heat transfer performance of the microchannel is
improved, an increase in pressure drop is inevitable. Therefore, we
usually choose microchannels with the goal of low global thermal
resistance and low pump power.

Fig. 4(a) shows the variation of pressure drop with Re for differ-
ent microchannels; the pressure drop gradually increases with the
increase of Re, and the setting in the baffles makes the internal heat
transfer area increase, which leads to the further increase of pres-
sure drop.

To further analyze the internal heat transfer characteristics, we
analyzed velocity vector plots inside the microchannels. From Fig,
5(a), the fluid inside the optimized microchannel generates rota-
tion and locally forms a state of vortex. The increase of fluid per-
turbation reduces the thickness of the boundary layer and increases
the circulation area, which can strengthen the local heat transfer.

The variation relationship of friction factor with Re can be ob-
tained from Fanning friction equation as shown in Fig. 5(b). In the
range of Re 100-500, the friction factor f gradually decreases with
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Fig. 5. (a) Velocity vectors in microchannels with different structures (b)The variation of friction factor at different Res.

the increase of Re for the microchannel heat sink. where the opti-
mized microchannel friction factor is the largest and the smooth
rectangular microchannel friction factor is the smallest. From the
simulation results, the presence of the baffles structure increases the
contact area, which makes the flow resistance increase and thus
leads to an increase in pressure drop.
2. Comparison of Maximum Surface Temperature

In the research process of electronic chip heat dissipation, the
maximum temperature that the electronic chip can withstand is
limited, generally at a maximum of about 100 °C. This makes the
variation of the maximum surface temperature particularly import-
ant when studying the heat exchanger used for electronic chip heat

dissipation. The maximum surface temperature variation at a heat
flow density of 1.0x10° W/m?’, a Re of 100, and an inlet tempera-
ture of 300 K is shown in the figure, and the maximum surface tem-
perature variation for three different structures of microchannels is
shown in the following Table 6.

Table 6. Maximum microchannel surface temperature

Microchannel model Maximum surface temperature

Optimized 321.20K
Reference 34535K
R-optimized 348.20 K

Korean J. Chem. Eng.(Vol. 39, No. 8)
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R-optimized

Fig. 6. Maximum microchannel surface temperature.

In the simulation study of three different structured microchan-
nels, the maximum surface temperature of the optimized microchan-
nel is 321.20 K, the maximum surface temperature of the reference
microchannel is 345.35 K, and the maximum surface temperature
of the conventional rectangular microchannel is 34820 K. The opti-
mized microchannel has the lowest maximum surface temperature,
which is 24.15k lower than the maximum surface temperature of
the reference microchannel, or 6.99% lower than the maximum sur-
face temperature of the reference microchannel, and 27k lower
than the maximum surface temperature of the conventional rect-
angular microchannel, or 7.75% lower. The maximum surface tem-
perature of the optimized microchannel is lower than that of the
reference microchannel by 24.15Kk, or 6.99%, and by 27k, or 7.75%,
than that of the conventional rectangular microchannel. The results
show that the baffles increase the internal heat transfer area, signifi-
cantly reduce the maximum surface temperature of the microchan-
nel model and optimize the heat dissipation capacity of the micro-
channel.

The temperature clouds of the three different structures of the
microchannels are shown in Fig. 6, where the temperature of the
fluid and the solid gradually increases from the inlet to the outlet.
By comparison, it is obvious that there is a significant decrease in
temperature at the location where the baffles are set in the fluid
domain, indicating that the presence of the baffles structure strength-
ens the local heat transfer, while there is no more obvious local
temperature change in the conventional microchannel. On the
one hand, the setting of the baffles increases the heat transfer area,
which increases the heat flux under the premise of a certain heat
flow density and thermal conductivity; and on the other hand, the
setting of the baffles increases the fluid perturbation. The change
of temperature color band shows that the blue area of the opti-
mized microchannel is significantly increased, which indicates that
the setting of the baffles optimizes the heat dissipation capacity of
the microchannel.

The temperature distribution at the bottom of the microchan-
nel is an important indicator to measure the performance of the
microchannel heat sink. The lower the temperature at the bottom
of the microchannel, the better the performance of the microchannel
heat sink. Fig. 7 shows the substrate temperature distribution under
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Fig. 7. Temperature distribution at the bottom of the microchannel.

three different operating conditions. As the heat flux of constant heat
flow is added at the bottom of the microchannel, the temperature
at the entrance of the channel is relatively low, and with the flow of
fluid the liquid in the channel continuously absorbs heat from the
substrate making the temperature rise on the chip become slower;
the heat absorbed at the back is less and less, and the transition from
blue to red from left to right, so the temperature presented by the
substrate on the chip of partial heat source becomes higher and
higher. The change of temperature color band shows that the blue
area of the optimized microchannel is significantly increased, which
indicates that the setting of the baffles optimizes the heat dissipa-
tion capacity of the microchannel.

As shown in Fig. 8(a), Nu increases with the increase of Re for
different structures, which indicates that the increase of Re can
strengthen the internal heat transfer. From the images, the opti-
mized microchannel structure is much higher than the reference
microchannel and the conventional rectangular microchannel, in-
dicating that the setting of the baffles structure strengthens the inter-
nal heat transfer in the microchannel. Due to the increase of Re,
the velocity of the fluid inside the microchannel is accelerated. At
the same time, the contact area is indirectly increased, so that more
heat can be taken away and the effect of heat transfer can be im-
proved. As shown in Fig. 8(b), with the increase of Re, j decreases
with different structures of microchannels, and the change trend is
similar, which indicates that the increase of Re can still strengthen
the heat transfer between the fluid and the wall even in the lami-
nar flow regime. The heat transfer factor is much higher than that
of the conventional microchannel after setting the baffles structure.
At the same Re, the conventional rectangular microchannel has
the smallest j and the worst heat transfer effect, while the optimized
microchannel has the largest heat transfer factor and the best heat
transfer effect. Taking the Re of 100 as an example, the j of the opti-
mized microchannel is nearly 2.5 times higher than that of the con-
ventional rectangular microchannel. It indicates that the geometry
of the microchannel has an important influence on the heat trans-
fer of the fluid.

3. The Average Substrate Temperature and Pressure Drop after
Optimization with Different Res
The variation of the maximum surface temperature is particu-
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Table 7. Basal average temperature and pressure drop values at different Res
Re 100 200 300 400 500
Average temperature 321.20K 312.66 K 309.69 K 308.15K 307.19K
Pressure drops 31,762 Pa 89,577 Pa 177,570 Pa 297,600 Pa 448,530 Pa

larly important when studying heat exchangers used to dissipate
heat from electronic chips, but the average temperature of the chip
surface is also an important indicator of good heat transfer perfor-
mance. Table 7 shows the values of the optimized average substrate
temperature and pressure drop with different Res.

For Re=100, the average temperature of the substrate is 321.20 K,
and the pressure drop is 31,762 Pa. For Re=500, the average tem-
perature of the substrate is 307.19K, and the pressure drop is
448,530 Pa. The temperature decreases by 14.01 K or 4.39%. The
pressure drop increased by nearly 14 times.

Fig. 9 shows the changes of temperature and pressure drop in
the fractal baffles microchannel at different inlet velocities. The
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Fig. 9. Schematic diagram of the average temperature and pressure
drop at different Res.

average temperature at the base of the microchannel gradually de-
creases and the pressure drop gradually increases as the Re increases.
At low Re, the basal temperature decreases relatively fast, but with
the increase of Re, the basal temperature decreases slowly. This is
also consistent with the basic law of heat transfer in microchannels.
4. Comprehensive Performance Analysis

To better compare the heat transfer performance of the micro-
channel before and after optimization, it is more reasonable to use
the enhanced heat transfer factor PEC to evaluate the comprehen-
sive heat transfer performance of the microchannel than the entropy
yield and heat transfer coefficient, and the variation of the micro-
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Fig. 10. Comprehensive heat transfer performance at different Res.
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channel PEC factor with Re is obtained according to the previous
equation.

In Fig. 10, the enhanced heat transfer factor PEC of both opti-
mized and reference microchannels is greater than 1. In this paper,
when the PEC value is greater than 1, it means that the enhanced
microchannel has higher surface heat transfer coefficient than the
conventional microchannel with the same pump power consump-
tion. The higher the PEC value, the more significant the improve-
ment in heat transfer performance, and the flattening of the PEC
value indicates the high thermal stability of the heat exchanger. This
indicates that the heat transfer performance of the reference micro-
channel is improved compared to a conventional microchannel,
while the heat transfer performance of the optimized microchan-
nel is significantly improved. The enhanced heat transfer factor
PEC of the optimized microchannel structure gradually increases
with the increase of Re, and its enhanced heat transfer factor PEC
is 1.56-1.79 in the range of Re from 100 to 500.

CONCLUSION

We designed a novel microchannel structure by combining the
cantor fractal principle with the microchannel heat sink. We chose
the microchannel entrance aspect ratio (a/b), the Cantor fractal baf-
fle aspect ratio (B/h), and the ratio of the microchannel entrance
width to the distance between groups (a/4) as design variables. The
structure of the microchannel was optimized. Conclusions are as
follows:

1. The maximum temperature at the bottom of the optimized
microchannel is 27 °C lower than that of the conventional chan-
nel, and the Nu is increased by 2.5 times. This shows that the heat
transfer of the optimized cantor fractal microchannel heat sink has
been greatly improved.

2. The enhanced heat transfer factor PEC in the optimized mi-
crochannel structure gradually increases with the increase of Re.
The enhanced heat transfer factor PEC is 1.56-1.79 in the range of
Re from 100 to 500, indicating that the optimized microchannel
heat transfer effect ratio traditional microchannels have been greatly
improved.

3. By applying the fractal principle to the microchannel struc-
ture, the influence of the contact area on the cooling effect of the
microchannel is verified, and the idea that increasing the contact
area can improve the performance of the microchannel heat sink
is proposed.

Here are some suggestions for future work:

1. A new structure is proposed for the microchannel heat sink
to improve the heat transfer performance from the structure, not
limited to the optimization of the structure size. Continue to im-
prove the algorithm or seek to introduce new algorithms to get the
global optimal value faster and more efficiently.

2. Carry out microchannel experimental research to provide strong
support for theoretical research. Combined with theoretical research
results, more effective feedback guides practical application.
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