E E . . - -
—__Energy Engineering & Tech Science Press

https://doi.org/10.32604/ee.2026.083149 .

ARTICLE Check for

updates

Topology Optimization and Heat Transfer Characteristics of Microchannel
Heat Sink

Bo Cai’, Song Jin, Jiaqi Zhang and Lei Hua

College of Locomotive and Rolling Stock Engineering, Dalian Jiaotong University, Dalian, China
*Corresponding Author: Bo Cai. Email: caibo@djtu.cn
Received: 30 March 2026; Accepted: 25 May 2026; Published: 24 September 2026

ABSTRACT: Aiming at the high heat flux heat dissipation requirements of high-power electronic devices, this paper
adopts the topology optimization method, with the dual goals of minimizing the average temperature and flow
power dissipation, including single inlet single outlet (SISO), single inlet double outlet (SIDO), double inlet single
outlet (DISO) and double inlet double outlet (DIDO), four flow channel layout design domains 6 mm? x 8 mm?
are used to optimize the structure and study the heat transfer characteristics. The results show that with the increase
of pressure drop, the optimized flow channel presents the characteristics of multi-stage bifurcation evolution, and
the heat transfer effect is significantly improved; Among them, the heat dissipation performance and temperature
uniformity of the DIDO layout. Further, the topological configuration and heat dissipation performance of DIDO
under different pressure drops (20~60 Pa) are analyzed, and the pressure drop, temperature, Nusselt number and heat
transfer enhancement factor are compared based on CFD. The results show that when the inlet velocity is 0.7 m/s,
the weighted average temperature of the DIDO model decreases to 303 K (the simulated temperature of the three-
dimensional model), the comprehensive heat transfer factor is higher than 2.8, and the weighted average pressure drop
is about 35% compared with that of the straight channel. The comprehensive trade off shows that the comprehensive
heat transfer performance of the DIDO topology with a pressure drop of 40 Pa is the best. This paper verifies the
significant advantages of topology optimization method in the design of microchannel radiators, and provides a new
idea for high-power electronic devices with high efficiency and low resistance.
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1 Introduction

With the rising power density of chips, the local heat flow density can reach more than 1000 W/cm? [1].
Single-phase flow heat dissipation is becoming more and more difficult to meet the actual demand due to
insufficient heat transfer capacity. Especially in critical equipment or systems, high temperatures can directly
lead to instantaneous failure of components, thus threatening the stability and safety of the entire system [2].
Chip cooling to wind natural cooling, forced air cooling and non-embedded microchannel liquid cooling,
these heat dissipation occupies more space, thermal resistance, low cooling efficiency, difficult to match with
the higher heat flow density chip cooling [3]. Among them, microchannel liquid-cooled heat dissipation has
become a research hotspot in the field of heat dissipation for high-power electronic devices due to its compact
structure, high heat transfer coefficient, and guaranteed flow heat transfer uniformity, which significantly
improves the heat transfer efficiency [4]. However, the structure of flat microchannels limits the further
improvement of its cooling performance.
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In order to break through this performance bottleneck, many scholars have carried out a lot of research
on the structural optimization of microchannel radiators. Topology optimization methods have received
extensive attention due to their ability to achieve optimal material placement within a given design space.
In order to significantly improve the cooling performance of fluid-solid coupled conjugate heat transfer
structures, it is necessary to simultaneously design and optimize the distribution as well as the flow charac-
teristics of the fluid and solid materials [5]. Tang et al. [6] redesigned the radiator assembly of a single-phase
immersion cooling system using topology optimization methodology, which significantly improved the heat
dissipation efficiency. Christensen and Alexandersen [7] proposed a gradient-based topology optimization
framework for the design of heat sinks embedded in phase change materials (PCM). Based on the variable
density method, Palumbo et al. [8] aimed to minimize temperature inhomogeneity and adopted projection
technology to reduce the transition region of grayscale units, breaking the limitation that traditional
microchannel heat sinks rely on designers’ experience. Yu et al. [9] proposed a co-optimization algorithm to
simultaneously optimize the coolant channel morphology and heat source distribution. Calculations show
that the topology can significantly temperature. Lu et al. [10] proposed a liquid cooling plate design strategy
that combines a multi-layer manifold microchannel architecture and topology optimization, which improves
the thermal performance by 18.16% compared to straight-through microchannels; and the pressure drop is
13.48% compared to the microchannel liquid distribution network. Liu et al. [11] designed a heater liquid
cooling channel by multi-objective topology optimization, and the optimized flow channel with uniform
temperature, average temperature drop over 10°C, and pressure drop comparable to parallel flow channel.
Zhang et al. [12] introduced a reduced order model to simplify the physical quantities to state the number of
variables, and further reduced the computational scale by using Gauss-Seidel iterative algorithm to achieve
a similar configuration to that of a high efficiency heat sink through fewer design variables. Yang et al. [13]
used the enhanced heat transfer rate as the objective function, and the pressure drop as the constraint
for optimization. The results show that the optimized structure outperforms the design under a variety of
operating conditions.

In addition, researchers have improved topology optimization methods from different angles. Yang
and Huang [14] imposed boundary control in the objective function and introduced hyperbolic tangent
projection to effectively reduce the gray transition region of the optimized design. Sun et al. [15] developed
an integrated framework to optimize the cooling channels through topology optimization and proposed a
scaling strategy to approximate the high-velocity turbulent heat transfer by adopting a low-speed laminar
model. Wang et al. [16] innovatively proposed a multi-objective topology optimization model based on the
epsilon constraint algorithm. Jiang et al. [17] compared the thermal performance of four internal runner
design schemes at different coolant flow rates through finite element simulation with the objectives of
maximizing heat transfer and minimizing flow power consumption. Wei et al. [18] added artificial forces
to the Navier-Stokes equations to impose a no-slip boundary condition to achieve the optimal fluid-solid
material configuration that minimizes power dissipation. configuration. Zhou et al. [19] optimized the
coupled temperature and flow fields of the imitation snowflake heat sink topology to improve the heat
transfer efficiency while minimizing the pressure drop. Xu et al. [20] improved the prediction ability of
structural boundaries by introducing an improved penalized mean squared error function, thereby enabling
more accurate prediction of the topological configurations of heat dissipation structures. Ma et al. [21]
proposed a multi-objective topology optimization method for the design of cooling components in precision
gear grinding machines. The results showed that the optimized serpentine channel exhibited significantly
superior heat transfer capacity compared to the conventional structure, while the pressure drop was reduced
by 2-3 times.
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Although the above studies have fully demonstrated the potential of topology optimization in
microchannel heat dissipation design, through systematic combing, it can be found that there are still the
following three obvious gaps in the existing work:

(1) The comparison of import and export layouts is not systematic: most studies only focus on single or
two layouts [11,19], and have not systematically compared the four layouts of SISO, SIDO, DISO, and
DIDO in the same design domain.

(2) The impact of pressure drop constraints on topological evolution lacks wide-range gradient analysis:
most of the previous studies optimize within narrow intervals (such as 10-30 Pa), giving a single
optimal configuration [16,18]. The continuous evolution of bifurcation number and level in the
20-60 Pa channel was not revealed.

(3) The two-dimensional optimization results lack three-dimensional verification and comprehensive
evaluation: most studies stop at the two-dimensional temperature field and flow field distribution, do
not carry out three-dimensional CFD simulation, and rarely use dimensionless indicators such as heat
transfer enhancement factor 7 to comprehensively trade off heat transfer and resistance [16,17].

Based on the above gaps, this paper aims to maximize heat transfer and minimize power dissipation,
and optimizes the topology of microchannel radiators with four layouts of 6 mm* x 8 mm?. Under the
constraint of 20-60 Pa (interval 10 Pa), the evolution law of the topological morphology of the flow
channels is systematically analyzed, and the temperature and temperature uniformity of different layouts
are quantitatively compared. Then, the DIDO layout with the best comprehensive performance is selected,
and its two-dimensional configuration is converted into a three-dimensional model. The pressure drop,
temperature, Nusselt number and heat transfer enhancement factor are analyzed by comparing with the
straight channel with CFD. Note: This paper uses the same inlet flow rate (rather than the same total flow rate
or pumping power) for layout comparison, aiming to reveal the impact of layout form on channel evolution
and temperature control ability under unit inlet flow rate. Dimensionless indicators such as # have been
passed in the future Partially normalized flow differences will be further verified based on the same pumping
power or total flow rate in the future.

The core contribution of this paper is that it is the first time to systematically compare the topology
optimization results of SISO, SIDO, DISO, and DIDO in the same design domain, which fills the gap in
this research; The quantitative evolution law of bifurcation number and level with increasing pressure drop
in the wide pressure drop range of 20-60 Pa is revealed; A joint analysis framework of “two-dimensional
topology optimization-three-dimensional CFD verification-comprehensive heat transfer factor evaluation”
is established, which provides a reusable square and engineering reference for the high-efficiency and low-
resistance design of microchannel radiators.

2 Topology Optimization Modeling and Heat Transfer Characteristic Research Method of
Microchannel Heat Sink

In this chapter, topology optimization is carried out for the two-dimensional fluid-solid conjugate heat
transfer model. The design domain is equivalent to porous media, and the boundary is set as adiabatic and
non-slip [22,23]. For solving complexity, the following assumptions are made: (1) Two-dimensional steady-
state incompressible laminar flow; (2) Introduce the design variable y (y € [0,1]) (y = 0is fluid, y = 1is solid),
and establish the nonlinear relationship between material properties and unit density; (3) Ignore the effect
of temperature on physical properties, and regard the physical properties of fluids and solids as constants.
The Brinkman penalty model is used to characterize the flow by introducing a velocity-dependent drag term
into the momentum equation.
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At this time, the inertia effect can be ignored, and the two-dimensional steady-state model can
reasonably capture the topological evolution trend of the flow channel. Ignoring the influence of temperature
on physical properties (viscosity thermal conductivity) will lead to quantitative deviation but simplify
the calculation and ensure that the relative ranking of structural optimization is effective. The Brinkman
penalty model can accurately characterize the equivalent flow resistance of porous media and is suitable for
topological iteration. The overall hypothesis has full applicability in comparing the heat transfer performance
of different layouts and the evolution law of flow channels.

2.1 Topological Method Parameter Setting and Governing Equation

Conservation equation

(V-u)=0 1)
Momentum conservation equation

p(u-Vu=-Vp+uviu+F (2)

In the formula, p is the pressure, y is the dynamic viscosity, and this paper takes 0.6 kg/(m-s); The
material density p and the flow velocity u do not change with time.

Volumetric force

F=-au (3)

Energy equation

pcp(u-VT)=vV-(kVTh) +Q (4)
Fluid heat transfer

pep(u-V)T = ksV?T (5)
Solid heat transfer

kVPT+Q=0 (6)

In the formula, ¢, is the specific heat capacity of the imaginary porous medium at constant pressure,
ks and k ¢ represent the conductivity of the solid material and the fluid material, respectively; T is the
temperature, and Q is the input thermal power in the design domain (set to 1 W x 10° W in the
two-dimensional model, for comparison only).

Q=(1-y)h(Tq-T) @)

The heat-producing coeflicient h is introduced to adjust the temperature difference proportional
relationship between the heat source temperature T, and the actual temperature T.

The objective function of heat transfer enhancement is defined as follows:

Jur= [ (1=y)h(To - T)de ®
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Set the minimum average temperature Minimize aveT(T) and the minimum power dissipation as the
target, where () is the integration area, that is, the bottom surface area of the radiator. As follows:

1
]f=§pt/£;Vu-VudQ+fro(y)u-udQ (9)

Heat exchanger design needs to take into account both heat transfer performance and flow perfor-
mance [24]: the former takes the bottom average temperature J;;, as the goal, and the latter takes the
minimum fluid power consumption ] as the goal. In order to synthesize the two, J;;, and ] are normalized
respectively and weight coefficients are introduced to construct a comprehensive objective function as
follows:

]:w.]th_]‘th.min +(1_w).]f_jffnin (10)

Jthmax — Jthmin ]fmax_]fmin

w is the weight coefficient, € (0, 1). j; max and j min are the maximum and minimum values of the
total heat dissipation power ]y, respectively, and j f max and j  min are the maximum and minimum values of
the total fluid power consumption J ¢, respectively. In this paper, w is 0.7, that is, the solid domain accounts
for 70%, (this paper explores the quantitative relationship of entrances and exits, not the proportional
relationship).

In order to ensure the manufacturability of the microchannel topology optimization results, the volume
ratio V; of the fluid domain must be limited [7,25]. And a summary of the objective function:

MinJ = ~-w—————— Jon _Jth_min +(1-w)————— Jin ]ffnin

Jthmax — Jthmin Jf max ~ Jf min
JaydQ < Vy ()
0<y<1

2.2 Topological Structure Material Interpolation

The liquid material in this paper is water, and the solid material is steel. The specific parameters are
shown in Table 1.

Table 1: Topological material parameters.

Conductivity (W/m-k)  Specific Heat Capacity (J/kg-K)  Density (kg/m®)  Viscosity (Pa-s)

Fluid 0.6 4.2 x10° 1x10° 1x1073
Solid 44 4.6 x 102 7.8 x 10°

A penalty parameter g is introduced to eliminate the transition density element, forcing the design
variable to converge to either a fluid (y = 0) or a solid (y = 1). Subscripts f and s represent fluid vs. solid
phases, respectively. The reverse permeability a(y), density p(y), thermal conductivity k(y) and specific
heat capacity c,(y) related to the design variable y all adopt a unified RAMP interpolation scheme [26,27]
(different penalty functions have been classified in the COMSOL density model):

a(y) :ocf+(as—ocf)m (12)
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y
= —pf)———— 13
p(y) =ps+(p Pf)1+q(1_y) (13)
k(y) = kg + (kg — kp)—2—— 14
(y) =ks+( f)1+q(1_y) (14)
qc,(1-y)
cp(y) = cpp+ (cps—cpp) —qc,, vy (15)

In the above formulas, the penalty parameter g uniformly takes the value g = 10 [19]. In the initial
stage of optimization, a small value (such as g = 0.5) can be used to ensure convergence stability, and then a
continuation strategy can be used to gradually increase to the target value g = 10, so as to ensure a clear 0-1
topological distribution while ensuring computational convergence. Under this framework, the continuous
variable model can effectively approximate the discrete variable optimization model, and it will cause some
topological problems under other penalties.

Taking SISO as an example, Fig. la is topologically inadequate; Fig. Ib shows the edge burr phe-
nomenon; Fig. Ic is a gray-scale unit phenomenon.

(0

(a)
Figure 1: Topology failure case. (a) Topologically inadequate. (b) Edge burr phenomenon. (c) Gray level unit.

2.3 Two-Dimensional Geometric Model of Microchannel Heat Sink

In order to systematically study the influence of inlet and outlet layout on the flow and heat transfer
performance of microchannel radiators, the three-dimensional fluid-solid conjugate heat transfer problem
is simplified into a two-dimensional plane model. The design domain is rectangular, and the geometric
parameters are shown in Table 2: length I; = 8 mm, width L, = 6 mm, inlet and outlet channel width
L; = 0.5 mm, length L, = 1.0 mm, and the subsequent 3D modeling reference height is given (heat exchanger
height 0.7 mm, inlet and outlet height 0.5 mm). The two-dimensional model only considers the channel
layout in the x-y plane.

Table 2: Geometric parameters of two-dimensional topological structure.

Geometrical Parameter L L, L; L, Ls L
Size/(mm) 8 6 0.5 1 2.75 1

Fig. 2 shows two-dimensional design domain models for four different layouts, defined as: Fig. 2a SISO:
single entry (left boundary center), single exit (right boundary center); Fig. 2b DISO: double entry (left
boundary symmetrical), single exit (right boundary center); Fig. 2c SIDO: single entry (left boundary center),
double exit (right boundary symmetric); Fig. 2d DIDO: double entry (left boundary symmetry), double exit
(right boundary symmetry).
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L, L,
L
] Inlet L; Outlet ][] Inlet Outlet [
L, ] Inlet Outlet [] Outlet Inlet
L; %: Inlet Outlet 7] ] Inlet Outlet [
(a) SISO (b) DISO (c) SIDO (d) DIDO

Figure 2: Two-dimensional geometry of microchannel heat sink.

All inlet and outlet channels are 0.5 mm wide and 1.0 mm long to ensure uniform flow in and out of the
design area. The interior of the design domain is the fluid-structure coupling region to be optimized, and
the optimal flow channel configuration is generated through topology optimization. The two-dimensional
design domain provides a unified geometric constraint. By comparing the four layouts, the influence of the
number of inlets and outlets on the optimized flow channel structure and heat transfer performance can be
systematically revealed.

2.4 Parameters and Independence Verification of Surface Mesh

The two-dimensional model surface mesh parameters are shown in Table 3. (taking the SISO-case3
structure as an example).

Table 3: Parameters of two-dimensional surface mesh.

Maximum Minimum Maximum Unit Curvature Narrow
Cell/mm Cell/mm Growth Rate Factor Resolution
0.05 3.6E-6 1.3 0.3 1

In order to ensure the reliability of the numerical results, the two-dimensional surface mesh inde-
pendence verification is carried out. Four sets of grids with different scales are selected to calculate the
temperature difference between inlet and outlet.

As shown in Table 4, with the number of grids, the temperature difference between inlet and outlet
gradually tends to be stable. When the number of grids is reduced from 1.4212 x 10* t0 1.96 x 10*, the change of
temperature difference is only 0.6% (less than 1%), which can be considered as grid independence. Therefore,
the subsequent calculation uses 1.96 x 10* grids (because the graph is relatively regular, there are a large
number of integer ten grids).

Table 4: Comparison of temperature difference between inlet and outlet with different grid numbers.

Number of Grids 8.32 x 10° 1104 x10*  1.4212 x 10* 1.96 x 10*
Inlet and outlet temperature difference/K 18.4 16.6 171 17
Temperature error 8.2% -2.3% 0.6% Base value

2.5 Topology Optimization Solution Method

In this simulation, the MMA solver [28,29] (movement limit 0.1, convergence tolerance 107) is used,
which has high convergence efficiency and fast approximates the 0-1 discrete optimal solution with convex
approximation iteration; It has strong ability to deal with constraints, adapts to the optimization of coupled
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flow-thermal fields, and has good numerical stability, which is suitable for large-scale grid model calculations.
The two-dimensional model in this section is a pressure inlet and outlet, which is convenient for setting
different constraint pressure drops. In this paper, the inlet temperature is uniformly set to 293.15 K. The
process is as follows (taking the SISO layout as an example):

shows the topological evolution process of the SISO structure with different iterative steps,
is the initial state flow channel; is the topological flow channel at step 20; is the topological
channel at step 40; is the topological flow channel at step 60; is the topological flow channel
at step 80; is the final topological channel. The initial state is all empty; At 20 steps, the solid-liquid
separation, the main channel appears; After 40 steps, the main channel is basically clear; The final topology
is obtained at 100 steps. (After the topological flow channel is clear and almost unchanged and stops the
iteration, the maximum iteration is 100 steps).

- S

(a)Start (b)Step 20 (c)Step 40 (d)Step 60 (e)Step 80 (HEventually
Figure 3: Iterative process of topology optimization.

In order to avoid the mesh dependence and gray cell phenomenon in topology optimization, this study
uses density filtering technology to solve the stable and clear topological structure of Helmholtz partial
differential equations [30]. The formula is as follows:

PV 4=y (16)

r is the filter radius, which is 1.5 times the grid size [31]; y is the pre-filtration design variable (y takes
0.5 in the initial stage), and y is the post-filtration design variable. Applying a Helmholtz filter in the design
domain will produce the middle value of the [0, 1] interval. After filtering, the hyperbolic tangent projection
is used to decay this value. The expression is as follows:

5. tanh[A(7 — yp)] + tanh(Bys)
tanh[B(1-yg)] + tanh(Byg)

where 7 is the output design variable, 8 is the projection slope, and the value is 8; yp is the projection point
with a value of 0.5, All are empirical values. (Explanation: —(17) are all formulas set in COMSOL,
and there is no specific calculation.)

2.6 Modeling and Solving Method of Heat Transfer Characteristics of Microchannel Heat Sink

(17)

In order to evaluate the flow and heat transfer performance of microchannels, several dimensionless
characteristic quantities and analytical parameters are introduced to carry out quantitative evaluation.
Among them, the straight microchannel hydraulic diameter at the inlet of the microchannel:

_ 2H.W.

- 18
H.+ W, (18)

h

H. and W, are the height and width of the microchannel, respectively, in m, (both in this paper are
5m x 1073 m).
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Topological Channel Hydraulic Diameter:
Dy, =4A.,/P, (19)

where A, is the cross-sectional area of the cooling channel, unit m?; P, is the wet perimeter in m. The
structure parameters are presented in Table 5.

Table 5: Topological channel structure parameters.

Structure Aqp p,
DIDO-casel 1.599 x 107° 110014 x 1072
DIDO-case2 1.5005 x 107° 1.1396 x 1072
DIDO-case3 1.3759 x 107° 1.05033 x 1072
DIDO-case4 1.8 x 107° 1.0023 x 1072
DIDO-case5 1.2982 x 107 1.2 x 1072

The formula for calculating the pressure drop at the inlet and outlet of the microchannel is:
AP = Pin — Pout (20)

pin and poy are the average pressure of the inlet and outlet of the microchannel, respectively, in unit Pa,
(in this paper, the pressure drop of the inlet and outlet is set, 20-60 Pa, with an interval of 10 Pa).

The formula for calculating the pumping power is:

P=Ap-V=Ap-uj,-A;-n
Ap(u) = Apmax(Apmax € {20,30,40,50,60} Pa) (21)
0<y<1

In the formula, P is the pumping power, and the unit W; A, is the cross-sectional area of the

microchannel inlet in m?.

Formula for coefficients:

2ApD
f=2oPh (22)
pfuinL
The formula for calculating the total thermal resistance of microchannels:
Tmax — T;
R=fmax (23)
qAp

where R is the thermal resistance, the unit K/W; Ty, and T, are the temperature of the heat transfer surface
of the microchannel and the fluid temperature at the inlet end of the channel, respectively, in unit K; A, is
the heating surface area at the bottom of the microchannel in m?. Given the actual machining allowance, an
allowance of approximately 0.2 mm should be left on the length and width of the bottom surface.

Convective heat transfer coefficient formula:

h= q—Ab (24)

Acon (Tw - Tf)
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In the equation, g is the heat flux, the unit W/m? (1.5 W/m? x 10> W/m? in this paper); A, is the area
of the fluid-structure coupling surface, unit m?; T, is the average temperature of the fluid-structure coupling
surface, unit K; T is the average temperature of the fluid in units K. The relevant measured parameters
of each structure under different flow velocities are shown in Table 6. (The data in Table 6 are from the
Supplementary Material).

Table 6: Measured parameters of each structure.

Structure-Velocity T max Tin T, Ty Acon
DIDO-casel-0.2 325 293 30731 301.23 8.19248 x 107>
DIDO-casel-0.3 318 293 306.28 301.06 8.19248 x 107>
DIDO-casel-0.4 315 293 303.82 299.3 8.19248 x 10~
DIDO-casel-0.5 313 293 302.24 298.22 8.19248 x 10~
DIDO-casel-0.6 312 293 301.14 297.48 8.19248 x 10~
DIDO-casel-0.7 311 293 300.28 296.93 8.19248 x 10~
DIDO-case2-0.2 322 293 306.68 301.87 8.20215 x 107>
DIDO-case2-0.3 316 293 304.9 300.25 8.20215 x 107>
DIDO-case2-0.4 313 293 303.08 298.88 8.20215 x 107>
DIDO-case2-0.5 312 293 301.71 297.92 8.20215 x 107>
DIDO-case2-0.6 311 293 300.64 297.21 8.20215 x 107>
DIDO-case2-0.7 309 293 299.67 296.6 8.20215 x 107>
DIDO-case3-0.2 319 293 309.44 304.51 8.76889 x 107>
DIDO-case3-0.3 313 293 304 299.86 8.76889 x 10~
DIDO-case3-0.4 311 293 302.3 298.56 8.76889 x 10>
DIDO-case3-0.5 308 293 300.36 297.27 8.76889 x 107>
DIDO-case3-0.6 307 293 299.91 296.91 8.76889 x 107>
DIDO-case3-0.7 306 293 299.14 296.41 8.76889 x 10>
DIDO-case4-0.2 323 293 309.43 304.18 8.43077 x 107>
DIDO-case4-0.3 316 293 304.96 300.38 8.43077 x 107>
DIDO-case4-0.4 312 293 302.53 298.77 8.43077 x 107>
DIDO-case4-0.5 311 293 301.7 298.1 8.43077 x 107>
DIDO-case4-0.6 309 293 300.54 297.31 8.43077 x 107>
DIDO-case4-0.7 308 293 299.63 296.72 8.43077 x 107>
DIDO-case5-0.2 319 293 307.52 302.41 8.42567 x 107>
DIDO-case5-0.3 315 293 304.62 300.34 8.42567 x 107>
DIDO-case5-0.4 312 293 302.8 298.94 8.42567 x 107>
DIDO-case5-0.5 311 293 301.67 298.14 8.42567 x 107>
DIDO-case5-0.6 308 293 300.18 297.02 8.42567 x 107>
DIDO-case5-0.7 307 293 299.37 296.58 8.42567 x 107>

SC-0.2 331 293 314.5 306.23 9.31 x 107
SC-0.3 329 293 311.99 303.74 9.31 x 107
SC-0.4 328 293 310.3 302.2 9.31 x 107
SC-0.5 324 293 308.2 300.7 9.31 x 107
SC-0.6 319 293 306 299.4 9.31 x 107

SC-0.7 317 293 304.3 298.4 9.31 x 107°
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The formula for calculating the average Nusselt number:

Nu = hDy [k; (25)

In order to further compare and analyze the flow and heat transfer characteristics of microchannel heat
sinks with different structures, the heat transfer enhancement factor # is introduced to quantitatively evaluate
their comprehensive heat transfer performance.

_ Nu/Nu,
(I

Nuy and fj are the average Nusselt numbers and coefficients of straight channels, respectively. The heat
transfer enhancement factor # directly reflects the comprehensive performance [32]: # > 1 means that the
topological structure is better than that of the straight channel under the same pump power, and the larger
1 is, the better the trade off between flow resistance and heat transfer efficiency.

(26)

3 Results and Discussion
3.1 Analysis of Geometrical Topology Results of Microchannel Heat Sink

To investigate the impact of voltage drop on the topology, topology optimization was performed for
four layouts at 20-60 Pa (10 Pa apart), and the results are summarized in . The rows in the are
SISO, DISO, SIDO, and DIDO from top to bottom, and the corresponding pressure drop from left to right
in each column increases from 20 to 60 Pa.

20 Pa 30 Pa 40 Pa 50 Pa 60 Pa

(h)

(m) (n)

Figure 4: Topological flow channels with different structures.

shows topological runners of different layouts, topological runners of the SISO structure
under 20 Pa constraints; a topological flow channel of the SISO structure under a 30 Pa con-
straint; a topological flow channel of the SISO structure under 40 Pa constraints; a topological
flow channel of the SISO structure under a 50 Pa constraint; a topological flow channel of the
SISO structure under a 60 Pa constraint; a topological flow channel of the DISO structure under a
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20 Pa constraint; Fig. 4g a topological flow channel of the DISO structure under a 30 Pa constraint; Fig. 4h
a topological flow channel of the DISO structure under 40 Pa constraints; Fig. 4i a topological flow channel
for the DISO structure under a 50 Pa constraint; Fig. 4] a topological flow channel of the DISO structure
under a 60 Pa constraint; Fig. 4k is the topological flow channel of the SIDO structure under the constraint
of 20 Pa; Fig. 41 is the topological flow channel of the SIDO structure under the constraint of 30 Pa; Fig. 4m is
the topological flow channel of the SIDO structure under the constraint of 40 Pa; Fig. 41 is a topological flow
channel of the SIDO structure under a 50 Pa constraint; Fig. 40 is a topological flow channel of the SIDO
structure under the constraint of 60 Pa; Fig. 4p is the topological flow channel of the DIDO structure under
the 20 Pa constraint; Fig. 4q is the topological flow channel of the DIDO structure under the constraint of
30 Pa; Fig. 4r is the topological flow channel of the DIDO structure under the constraint of 40 Pa; Fig. 4s is
the topological flow channel of the DIDO structure under the constraint of 50 Pa; Fig. 4t is the topological
channel of the DIDO structure under the constraint of 60 Pa. With the increase of pressure drop, the number
of flow channels, bifurcation level and spatial density are significant. This phenomenon is that the objective
function aims to minimize the weighted combination between fluid power dissipation and the average
temperature of the heat sink, and the pressure drop constraint directly limits the energy required for the
fluid to pass through the design domain. At low pressure drop (20 Pa), the algorithm tends to generate a few
main flow channels for resistance, but it is difficult to effectively cover the heat source, resulting in local heat
accumulation; When the pressure rises to 40-60 Pa, the topological flow channels show obvious changes.
The number of flow channels increases, the bifurcation level expands, and the heat transfer area between the
fluid and the solid wall increases accordingly. At the same time, the flow coverage in the heat source area is
more uniform. This shows that the pressure drop, as a design constraint, has a significant regulatory effect
on the final configuration of the topological channel.

Fig. 5 is a temperature cloud diagram of the SISO structure, and Fig. 5a is a temperature distribution
diagram of the SISO structure at a pressure drop of 20 Pa; Fig. 5b a temperature profile of the SISO structure at
a pressure drop of 30 Pa; Fig. 5¢ a temperature profile of the SISO structure at a pressure drop of 40 Pa; Fig. 5d
a temperature profile of the SISO structure at a pressure drop of 50 Pa; Fig. 5¢ is a temperature profile of
the SISO structure at a pressure drop of 60 Pa. The temperature distributions under different constraints are
shown. When the pressure drop rises from 20 to 60 Pa, the temperature distribution of the flow channel
shows a regular evolution: the temperature drops from 334 to 307 K, with a decrease of 27 K; The high
temperature area is significantly reduced, the temperature gradient tends to be flat, and the overall uniformity
is significantly improved. Under the low pressure (20 Pa) condition, there is a large area of concentrated
high temperature area on the heating surface, and the heat accumulation is serious. When the pressure
drop reaches 60 Pa, the temperature distribution on the heating surface is more uniform, and there is
no obvious hot spot. Constrained pressure drop lifting drives the flow rate and flow rate of the fluid to
increase, and strengthens the convective heat transfer intensity, so that the heat is carried out of the heating
domain more efficiently; At the same time, topology optimization under high pressure generates more fine
branch channels, which expands the heat transfer area between fluid and solid, and further improves heat
dissipation capacity.

Fig. 6 shows the variation of microchannel heat sink temperature with constrained pressure drop. (The
two-dimensional model in COMSOL is not a pseudo-model, and the temperature can only be used for
comparison.) With the increase of pressure drop, the temperature of each model shows a downward trend. In
addition, there are significant differences in heat dissipation performance between different layouts, and with
the increase in the number of entrances and exits, the temperature drop is more obvious. Among them, the
DIDO structure shows the best heat dissipation effect under various pressure drop conditions. The reason
is that the increase in the number of entrances and exits changes the flow distribution of the flow channel
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network. Taking SISO as an example, all the cooling medium needs to flow in through a single inlet, and the
flow rate of the fluid at the end of the flow channel is easy to form a local stagnation area, resulting in heat
accumulation. In the DISO layout, the cooling medium flows in from both sides at the same time, forming
a symmetrical shunt inside the heat sink, and then passes through two outlets. This layout directly increases
the total inlet flow rate, so that more cooling media participate in the heat transfer process. In addition,
symmetrical shunt makes the flow distribution more uniform in the flow channel network, avoiding the
appearance of heat transfer dead zone. Under the action of the above mechanism, the DIDO structure can
make full use of the heat transfer potential of the cooling medium, which shows the significant advantages
of the multi-inlet and multi-outlet layout in enhancing heat dissipation.

A 335
o =] =
330
325
320
(a) SISO-20pa (b) SISO-30pa (c) SISO-40pa

F{ 315
310
- = 305
300
295

(d) SISO-50pa () SISO-60pa v 293

Figure 5: Topological temperature cloud diagram of SISO structure under different constrained pressure drops.
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Figure 6: Variation of microchannel heat sink temperature with confined pressure drop.

3.2 DIDO Topology under Different Pressure Drop Conditions

In order to verify the heat dissipation effect of different structural layouts, this chapter simulates the
three-dimensional model and makes the following assumptions: (1) Solid thermal conductivity is not affected
by material batch and temperature; (2) The thermal conductivity and viscosity of the fluid are not affected by
temperature and purity; (3) The heat source power is constant; (4) The inlet flow rate is not affected by pump
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fluctuations. The main potential errors include: the pressure drop is too high: the viscosity of water increases
with the increase of temperature, and the constant inlet viscosity will increase the simulated pressure drop;
The heat transfer coeflicient is underestimated: the viscosity decrease in the real high temperature region is
conducive to convection, and the Nusselt number will be underestimated in the constant physical property
model; Flow distribution bias: Ignoring heat-flow coupling in multi-inlet layouts may overestimate flow
symmetry. The above errors do not affect the qualitative law, but will change the quantitative prediction
accuracy. The purpose of this paper is to explore the topological evolution of flow channel layouts. The results
are mainly used for the relative performance ranking among different layouts (SISO/DIDO, etc.), but not for
the accurate prediction of absolute temperature values.

The simulation model is constructed based on CFD, the height of the model is 0.7 mm, the height of
the entrance and exit is 0.5 mm; In the following, the topology optimization of DIDO heat sink structure
under different constrained pressure drops is studied, where the pressure drops are 20 Pa (DIDO-casel),
30 Pa (DIDO-case2), 40 Pa (DIDO-case3), 50 Pa (DIDO-case4) and 60 Pa (DIDO-case5), and the straight
channel is introduced for comparison.

As shown in Fig. 7, Fig. 7a is a three-dimensional structure diagram of DIDO-casel; Fig. 7b is a
DIDO-case2 three-dimensional structure map; Fig. 7c is a DIDO-case3 three-dimensional structure dia-
gram; Fig. 7d is a DIDO-case4 three-dimensional structure map; Fig. 7¢ is a DIDO-case5 three-dimensional
structure map; Fig. 7f 3-D structure diagram of SC. Under the low pressure constraint condition, the size
of the main channel is larger and the number of branches is smaller; With the pressure drop, the diameter
of the main channel decreases relatively, and the number of branches increases accordingly. In addition,
the flow domain volume of the straight channel as a control is almost the same as that of the topologically
optimized channel.
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Figure 7: DIDO heat sink topology and straight channel structure under different constrained pressure drops.

3.3 Volume Grid Independence Verification

Grid independence verification is the key to ensure the reliability of CFD results. Taking DIDO-casel
as an example, Table 7 compares the inlet and outlet temperature difference and pressure drop at 0.2 m/s for
4 sets of grid numbers.
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Table 7: Comparison of inlet and outlet temperature difference and pressure drop with different grid.

Number of Grids 3.06995 x10°  3.59521x10°  4.12316 x 10> 4.7657 x 10°
Inlet and outlet temperature difference/K 7.389 7.394 7.402 7.40
Inlet and outlet pressure drop/Pa 95.12 95.25 95.22 95.2
Temperature error -1.48% -0.81% 0.27% Base value
Pressure drop error -0.84% -0.53% 0.21% Base value

The number of grids was 3.07 x 10°,3.6 x 10°, 4.12 x 10°, 4.77 x 10°, respectively. With the increase of the
number, the temperature difference and pressure drop in the numerical simulation tend to be stable. When
the number of grids increases from 4.12 x 10> to 4.77 x 10, the temperature difference and pressure drop
change 0.27% and 0.21%, respectively, and are lower than 1%. It is considered that the number of grids in this
study is required for grids.

3.4 Sex Analysis

In order to evaluate the influence of input parameter fluctuations on heat transfer performance, the
convective heat transfer coefficient / is taken as the core transfer function, and a single-parameter analysis
is carried out. From the Eq. (24), it can be seen that & is directly related to the wall temperature Tw and the
fluid temperature Ty, and Tw and T are solved by CFD simulation, and are affected by parameters such
as the inlet flow rate, solid thermal conductivity, and fluid viscosity. Consider h as an implicit function of
the above parameters: h = f(u;p, ks, i, . . .). According to the Formula (25), the characteristic length D), is a
geometric constant, the thermal conductivity k g of the fluid is assumed to be a constant in this paper, and
all uncertainties are inherently passed to h. As long as the robustness of / is proved, the robustness of Nu is
also proved.

A sensitivity coefficient S, is defined to quantify the degree of influence of each parameter on the heat
transfer performance:

_ Ah/h
Ap/po

where p is the parameter to be analyzed, and the subscript 0 represents the reference working condition.

p (27)

The larger |S,| is, the more significant the influence of the uncertainty of this parameter on the heat transfer
performance is.

Table 8 takes the DIDO-case3 structure as an example. It can be seen that among the three parameters
analyzed, the sensitivity coefficient of the inlet flow rate (0.82) shows that the convective heat transfer
performance has the most fluctuation in the flow rate. This result accords with the basic physical law of
convective heat transfer: the flow velocity directly affects the thickness of the boundary layer and the intensity
of the fluid disturbance, and then significantly changes the wall heat transfer capacity. A 10% flow rate can
increase h by about 8.2%, which is consistent with the approximately linear increase of Nusselt number with
flow rate in Fig. 8 of the paper. The sensitivity coeflicient of viscosity is —0.65, showing a significant negative
correlation. The increase of viscosity leads to the thickening of the flow boundary layer and the decrease of the
velocity gradient near the wall, which weakens the convective heat transfer intensity. In practical applications,
the temperature change of the cooling fluid will cause viscosity drift, so it is necessary to pay attention to the
influence of the stability of the working fluid physical properties on the heat dissipation performance. The
sensitivity coefficient of solid thermal conductivity is 0.41, which is relatively the lowest among the three. This
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is because the DIDO-case3 configuration has generated fine branch channels through topology optimization,
heat is mainly carried through fluid convection, and the proportion of heat conduction in the solid region
in the total thermal resistance has been greatly weakened. Therefore, the fluctuation of thermal conductivity
of solid materials has limited impact on the overall heat transfer performance, which also verifies that the
topology optimization structure has a certain robustness against material property deviations from the side.

Table 8: Sensitivity analysis of key parameters.

Parameter Base Value Range of Change h Rate of Change Sp
Uin (m/s) 0.7 +£10% +8.2% 0.82

ks (W/(m-K)) 44 +10% +4.1% 0.41
u (Pa-s) 1.0 x107? +10% +6.5% -0.65
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Figure 8: Nu curve of microchannel heat sink.

Taken together, the DIDO-case3 configuration can maintain stable heat transfer performance within a
reasonable range of parameter fluctuations. However, considering the high sensitivity of the inlet flow rate,
in the design and control of the actual thermal management system, priority should be given to ensuring the
stability of the flow supply to ensure that the radiator works in a high-efficiency range.

3.5 Validation of Numerical Methods

Considering that the three-dimensional effect has a certain impact on the conclusions of this study,
but not a decisive impact. The two-dimensional model is responsible for structural optimization, and the
three-dimensional model is responsible for performance verification, so the three-dimensional effect will
not mislead the direction of topology optimization, but will affect the absolute value output by the two-
dimensional model alone. Therefore, in order to further verify the effectiveness of the numerical model,
the rectangular microchannel heat sink model studied in literature [33] is established, and its geometric
parameters and working conditions are consistent with those in literature. The numerical simulation results
of the temperature and pressure drop of the microchannel heat sink are compared with the literature results,
as shown in Fig. 9.
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Figure 9: Comparison between numerical simulation and literature results. (a) Comparison of measurement and
simulation of inlet-outlet temperature difference. (b) Comparison of measurement and simulation of inlet-outlet
pressure difference.

Fig. 9a shows the comparison between the measured and simulated inlet-outlet temperature difference,
and Fig. 9b shows the comparison between the measured and simulated inlet-outlet pressure difference.
When the flow velocity increases from 0.2 to 1.0 m/s, the experimentally measured temperature difference
significantly decreases from 96 to 19 K, while the simulated temperature difference drops from 99 to 21 K.
Opverall, the experimental temperature values are slightly lower than the simulated results, with a maximum
relative deviation of approximately 3.0% between the two. Meanwhile, as the flow velocity increases, the
experimental pressure drop rises from 220 to 2720 Pa, and the simulated pressure drop increases from 258 to
2765 Pa. The experimental and simulated pressure drop data are generally comparable, showing consistent
trends, with the maximum relative error controlled within 5%.

The deviation is due to factors such as the loss along the experimental pipeline and measurement errors,
which fully verifies the accuracy of the numerical model to predict the flow characteristics, and provides a
reliable basis for subsequent CFD simulation.

3.6 Comparative Analysis of Heat Transfer

In order to comprehensively evaluate the flow and heat transfer performance of different topological
optimization structures, CFD simulations of multiple topological microchannel models under the inlet flow
velocity of 0.2-0.7 m/s are carried out in this paper, and the straight channel is compared. In order to visually
present the distribution of the flow field and temperature field, the parameters such as temperature, pressure
drop, and velocity trace are compared respectively (the following temperatures are three-dimensional
simulation results).

Fig. 10a is a pictorial temperature cloud diagram of the DIDO-casel structure at a flow rate of 0.4 m/s;
Fig. 10b a pictorial temperature cloud map of the DIDO-case2 structure at a flow rate of 0.4 m/s; Fig. 10c a
pictorial temperature cloud map of the DIDO-case3 structure at a flow rate of 0.4 m/s; Fig. 10d a pictorial
temperature cloud map of the DIDO-case4 structure at a flow rate of 0.4 m/s; Fig. 10e a pictorial temperature
cloud map of the DIDO-case5 structure at a flow rate of 0.4 m/s; Fig. 10f Picture temperature cloud map of
the SC structure at a flow rate of 0.4 m/s. It can be seen that the temperature around the flow channel has
dropped significantly, and the heat dissipation effect has improved significantly when the number of branches
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increases. The temperature of the topological channel is significantly lower than that of the parallel channel
(328 K), and the temperature distribution is more uniform. The high temperature area is only concentrated
in the outlet part, and there is no large-scale continuous high temperature zone; There is a temperature
gradient rising along the flow direction in the parallel channel, and an obvious high temperature core area is
formed at the outlet. The topology optimization flow channel expands the heat transfer area between the fluid
and the solid by generating a tree-like branch structure. At the same time, the tortuous arrangement of the
flow channel enhances the fluid disturbance, improves the convective heat transfer intensity, and enables the
heat to be carried out of the heating domain more efficiently. Effectively suppress temperature gradients to
achieve better temperature uniformity. The parallel flow channel is limited by the straight structure, the fluid
disturbance is weak, the heat transfer area is limited, and the heat accumulation along the flow direction
leads to a sharp increase in the temperature at the outlet, resulting in local overheating.
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Figure 10: Temperature distribution of DIDO heat sink topology under different pressure drops.

Fig. 11 is the change curve of DIDO heat sink topology temperature with flow velocity under different
pressure drops. The temperature of each topology optimization model and straight channel model shows a
linear downward trend with the increase of inlet flow velocity, and the cooling range of topology optimization
model is significantly better than that of straight channel. Under the same flow rate, the temperature of the
straight channel is always, reaching 331 K at 0.2 m/s, and maintaining at 317 K at 0.7 m/s. The temperature
of the topology optimization model is obviously lower, and gradually with the increase of the confinement
pressure, DIDO-case3 performs the best, and the temperature drops to 306 K at the flow rate of 0.7 m/s.

Fig. 12 is the relationship curve between the weighted average temperature and the flow rate under
different constrained pressure drops. In the figure, the weighted average temperature decreases with the
increase of the flow rate under each working condition, and the decrease is more significant in the low flow
rate range (0.2~0.4 m/s). The SC (straight channel) model is about 318 K when the flow rate is 0.2 m/s,
and it decreases to about 308 K when the flow rate is 0.7 m/s, so the heat dissipation efficiency is low. The
weighted average temperature of the topology optimization model is obviously lower, and gradually decreases
to 302.8 K with the increase of the constrained pressure drop.
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Figure 11: Variation of topological temperature of DIDO heat sink with velocity at different pressure drops.
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Figure 12: Variation of topologically weighted temperature of DIDO heat sink with velocity at different pressure drops.

The above changes are due to the synergistic enhancement of flow and heat transfer by topological
optimization structure, complex flow channels enhance fluid disturbance and mixing, thermal boundary
layer, and improve convective heat transfer efficiency; The optimization of the constrained pressure drop
further regulates the flow field distribution and makes the heat transfer more uniform. The increase in flow
rate takes away more heat by increasing fluid flow and intensifying disturbance, highlighting the advantages
of topologically optimized microchannels in terms of overall temperature levels.

Fig. 13a is a static pressure cloud diagram of the DIDO-casel structure at 0.4 m/s; Fig. 13b a static
pressure cloud map of the DIDO-case2 structure at 0.4 m/s; Fig. 13¢ The static pressure cloud map of the
DIDO-case3 structure at 0.4 m/s; Fig. 13d is the static pressure cloud map of the DIDO-case4 structure at
0.4 m/s; Fig. 13e a static pressure cloud map of the DIDO-case5 structure at 0.4 m/s; Fig. 13f is the static
pressure cloud map of the SC structure at 0.4 m/s. (The pressure drop is not a weighted average pressure
drop. The former focuses on local extreme cases, pointing out the pressure residence at the entrance and
the change of the pressure gradient at the bifurcation, and qualitatively explaining the characteristics of the
flow field (the static pressure of each structure is within the yield limit of solid materials (about 200 MPa));
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the latter provides a macro index representing the overall performance, which is used to compare the flow
resistance of different topological structures and straight channels.) As shown in the figure, the static pressure
distribution of the topological flow channel presents the characteristics of gradual from the inlet to the outlet,
and there is a local pressure gradient change at the bifurcation of the flow channel; While the parallel channel
shows a uniform decline along the flow direction, and the pressure difference between the inlet and outlet
is relatively concentrated. From the numerical comparison point of view, the parallel flow channel forms a
high pressure residence at the entrance, and the outlet pressure value is low, and the overall pressure drop
characteristic is “uniform attenuation along the way”. In contrast, although the pressure concentration in
the inlet of the topological flow channel also occurs, the pressure field distribution becomes more dispersed
with the flow of the fluid to the fine branches. The topological structure can generate the equivalent flow
velocity of the main channel, the cross-section area of the flow, and the loss along the path by generating
tree branches; Although the design of the fine shunt channel has a local flow resistance, it has significantly
improved the average flow rate of the overall flow channel, and finally achieved the optimization effect of
“low pressure drop”. The pressure drop of the parallel flow channel is significantly higher than that of the
topological structure because of the single flow channel, high flow velocity and large resistance along the
flow channel.
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Figure 13: Microchannel heat sink pressure distribution under typical operating conditions.

As shown in Fig. 14, under different pressure drop conditions, the weighted pressure drop of the dual-
inlet and dual-outlet (DIDO) microchannel heat sink topology shows a clear change law with the flow rate,
which reflects the macro characteristics of pressure drop changes. The pressure drops of all models show
a linear upward trend with the inlet velocity. Among them, the SC configuration has the most significant
pressure drop growth rate, and its weighted pressure drop is always at the same flow rate. When the flow
rate reaches 0.7 m/s, the inlet and outlet pressure drop of the straight channel is 437.6 Pa. In contrast, the
pressure drop of the topology optimization model is significantly lower, showing good flow drag reduction
characteristics. Among them, the casel structure has the lowest pressure drop, which is 312.3 Pa, which is
125.3 Pa higher than that of the straight channel; The pressure drop levels of case2, case3 and case4 structures
were similar, all decreased by about 110 Pa; However, the case5 structure has a relatively small pressure
drop of 377 Pa, and the effect is slightly inferior to other topological models. This indicates that the flow
resistance regulates the structure of the flow channel. Although the shape of the straight channel is simple, the
superposition effect of viscous resistance and local resistance along the channel is stronger; By reconstructing
the flow channel, the topology optimization structure improves the heat transfer and optimizes the flow field
distribution, which effectively improves the flow resistance.
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Figure 14: Variation of topology-weighted pressure drop with velocity of DIDO heat sink under different pressure
drops.

Fig. 15a is a cloud diagram of the velocity trace of DIDO-casel at 0.4 m/s; Fig. 15b a cloud map of
the velocity trace of DIDO-case2 at 0.4 m/s; Fig. 15¢ is the velocity trace cloud map of DIDO-case3 at
0.4 m/s; Fig. 15d is the velocity trace cloud map of DIDO-case4 at 0.4 m/s; Fig. 15¢ a cloud map of the velocity
trace of DIDO-case5 at 0.4 m/s; Fig. 15f is the velocity trace cloud map of SC at 0.4 m/s. The velocity trace
distribution of different structures at the same flow velocity is shown. When the velocity is 0.4 m/s, the local
velocity of SC can be enlarged to about 0.7 m/s, the velocity distribution is uniform and straight, and the
local high-speed region is only formed at the corner of the inlet and outlet, and there is no obvious velocity
classification disturbance; The flow velocity in the topological channel is also as high as 0.6 m/s, and the
flow velocity is distributed in a tree shape: the flow velocity is concentrated at the entrance, and the fluid is
dispersed to each branch after multi-stage bifurcation. The flow velocity gradient is gentle, and there is no
large-scale high-speed retention area. DIDO-case4 structure has a more uniform flow velocity dispersion and
a lower peak flow velocity; DIDO-case3 structure has a more coherent flow velocity distribution, maintains a
higher level of flow velocity, and has better pressure drop control. According to the boundary layer theory, the
thickness of the thermal boundary layer decreases and the convective heat transfer coefficient increases due
to the flow velocity. The periodic acceleration-deceleration of the flow velocity is one of the mechanisms of
enhancing heat transfer in topological flow channels; At the same time, according to the law of conservation,
in the stable flow state of the fluid, the flow rate through any cross section is constant. When there is a cross-
section catastrophe in the topologically formed flow channel, the flow rate will inevitably increase to the
continuity equation-through the local high-speed flow thermal boundary layer, Enhance fluid disturbance,
thereby improving the overall heat transfer efficiency.

According to the thermal resistance R curve of the microchannel heat sink in Fig. 16, the thermal
resistance of all structures shows a decreasing trend with the increase of the flow rate, and the decline is
more significant in the low flow rate range (0.2-0.4 m/s), and the high flow rate range (0.5-0.7 m/s). The
decline rate slows down. Compared with different structures, the SC model shows thermal resistance in the
full flow range, which is about 4.95 K/W at 0.2 m/s, and still maintains 3.1 K/W at 0.7 m/s, and the heat
dissipation performance is the worst. In the DIDO model, the thermal resistance is gradually optimized
with the topology, and the performance of DIDO-case3 is the best: the thermal resistance decreases to about
1.65 K/W at 0.7 m/s, which is about 46.8% compared with the SC model at the same flow rate. The increase
in flow rate strengthens the convective heat transfer coefficient, so that the heat is carried by the fluid more
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efficiently, resulting in thermal resistance; The topology optimization channel expands the heat transfer area
and enhances the cooling requirements of flow density electronic devices.
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Figure 15: Velocity trace distribution of microchannel heat sink under typical operating conditions.
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Figure 16: R curve of microchannel heat sink thermal resistance.

Fig. 8 shows the Nusselt number curve of the microchannel heat sink. The Nusselt number of each
structure increases with the increase of flow velocity, and the increase range is more significant in the high
flow velocity range (0.5~0.7 m/s), indicating that the increase of flow velocity can effectively enhance the
convective heat transfer intensity. The Nusselt number of DIDO-case4 structure is about 20.5 at 0.2 m/s and
36.7 at 0.7 m/s, the heat transfer performance is the best; the Nusselt number of DIDO-case4 structure is
about 20.5 at 0.2 m/s, and the Nusselt number of DIDO-case4 structure is about 36.7 at 0.7 m/s. The Nusselt
number of DIDO-case5 is the lowest, about 12.5 at 0.2 m/s, and about 23.5 at 0.7 m/s, and the heat dissipation
capacity is relatively weak. The Nusselt numbers of DIDO-casel, case2 and case3 have similar growth trends,
and DIDO-case3 is about 28 at 0.7 m/s, second only to DIDO-case4. As the flow velocity increases, the
boundary layer becomes thinner, the convective heat transfer coefficient increases significantly, and then the
Nusselt number increases. The topology of DIDO-case4 expands the heat transfer area between the fluid
and the solid by generating a finer branch channel, and at the same time enhances the fluid disturbance and
mixing, and enhances the thermal boundary layer. Therefore, it shows better heat transfer performance in
the whole flow rate range.
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As shown in Fig. 17, the relationship between heat transfer enhancement factor and velocity, the # of
all structures shows an increasing trend with the increase of flow velocity, indicating that the increase of
flow velocity can effectively enhance the heat dissipation performance. The overall performance of DIDO-
case3 structure is the best in the full flow rate range, and its # is about 2.0 at 0.2 m/s, and it rises to
about 3.6 at 0.7 m/s. The structure achieves a balance between heat transfer and hydraulic performance. The
comprehensive properties of DIDO-casel structure are next, and its # is about 3.5 at 0.7 m/s. Through its
regular design, it maintains low flow resistance while ensuring high heat exchange efficiency, showing stable
comprehensive performance. The comprehensive performance of DIDO-case2 structure ranks third, and
its # is about 3.5 at 0.7 m/s, which is close to that of DIDO-casel. Its structure is balanced in heat transfer
enhancement and pressure drop control, which is slightly inferior to the flow field optimization effect of
DIDO-case3. The DIDO-case4 structure has higher Nusselt number in all the contrast structures, but its
heat transfer enhancement factor does not show a significant advantage. The reason is that the internal flow
field of this configuration is relatively complex, and the vortex is easy to be induced during the flow process,
which leads to the increase of flow resistance and factor, making the result of # low, so the comprehensive
heat transfer performance of this structure is not outstanding. The performance of DIDO-case5 is the worst.
Although the temperature is low, the complex flow channel leads to too much resistance, resulting in low 7,
which shows that it is insufficient in the synergistic optimization of heat transfer and hydraulic performance.
On the whole, DIDO-case3 realizes the matching of heat transfer capacity and flow resistance by virtue of the
optimal flow channel topology, and is the structure with the best comprehensive performance in this study.
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Figure 17: Relationship between heat transfer enhancement factor and velocity.

4 Conclusion

In order to meet the heat dissipation requirements of high-power electronic devices, topology opti-
mization is used to study the geometric design and heat transfer characteristics of the microchannel heat
sink. After numerical analysis and simulation verification, the following new discoveries and conclusions are
obtained:

(1) Theregulation mechanism of constrained pressure drop on topological configuration is revealed: as the
pressure drop increases from 20 to 60 Pa, the flow channel changes from simple to complex, and the
number and level of bifurcations. Its essence is a game between flow power consumption penalty and
average temperature minimization-the power consumption penalty is dominant under low voltage
reduction, and the algorithm tends to generate a single channel with large cross-section, but it cannot
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effectively invade the thermal boundary layer. The thermal boundary layer at the exit section is too
thick, and the local High temperature up to 334 K; When the pressure drop rises to 40-60 Pa, the
power consumption constraint is relaxed, and the optimization algorithm introduces cross-section
catastrophe and high-frequency bifurcation, so that the thermal boundary layer is repeatedly reset after
the bifurcation node, and the convective heat transfer coeflicient is significantly improved. The results
showed that the bottom temperature decreased from 334 to 307 K, with a decrease of 27 K. This finding
fills in the research blank of quantitative evolution law of bifurcation level of flow channel under wide
pressure drop gradient.

The essence of heat transfer enhancement realized by DIDO configuration through regulating flow
symmetry and pressure difference driving force is clarified. In the comparison of the four layouts,
DIDO showed the best heat dissipation performance and temperature uniformity at each pressure
drop, and its temperature was about 30 K higher than that of SISO. Velocity-pressure field coupling
analysis shows that its advantage is not only due to the total flow rate, but also lies in the unique “central
hedge stagnation” and “reverse pressure gradient cancellation” effects: the long-distance unidirectional
flow in SISO leads to serious pressure attenuation along the way, and the end The flow rate is lower
than 0.1 m/s, forming a large-area heat transfer dead zone; In the DIDO symmetrical layout, the inflow
from both sides forms a counter-stagnation surface at the center, and the effective viscous bottom layer
and thermal boundary layer. The dual-outlet design shortens the effective flow distance of a single flow
channel and the resistance along the path, realizes the uniform distribution of flow rate and the peak
value of local heat transfer coeflicient.

A multi-objective trade off criterion based on the heat transfer enhancement factor is established, and
the nonlinear law between heat transfer enhancement and flow resistance is revealed: pure pursuit
of heat transfer area expansion will lead to a decrease in #, and there is an obvious marginal effect.
Although DIDO-case5 branches the maximum solid-liquid area through a dense network, a large
number of acute turns and slit channels (local feature size <100 um) make the velocity gradient increase
sharply, and the increase in flow resistance completely offsets the heat transfer gain. In contrast, DIDO-
case3 forms an optimized “shrink-expand” type of flow channel at the bifurcation node, achieving a
balance between heat transfer and resistance, with a # value of up to 3.6 at an inlet flow rate of 0.7 m/s.
The conclusion shows that the optimal solution of the comprehensive performance is located at the
inflection point of the pressure drop-temperature front, rather than the densest configuration of the
channel network.

Constructed and verified the closed-loop framework for forward design of microchannel radiators
of “2D topology optimization-3D CFD reconstruction-dimensionless comprehensive evaluation’, and
quantitatively evaluated the predictive fidelity of the 2D simplified model for 3D laminar heat transfer
for the first time. The results show that the weighted average temperature of DIDO-case 3 decreases to
303 K at 0.7 m/s flow rate, the comprehensive heat transfer factor is above 2.8, and the weighted average
pressure drop is nearly 35% compared with that of the straight channel. By weighing the pressure drop
and temperature comprehensively, it is determined that the DIDO topology with a constrained pressure
drop of 40 Pa has comprehensive heat transfer performance. This study provides a theoretical basis for
high-efficiency and low-resistivity thermal management of high-power electronic devices.
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