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ABSTRACT 
 To address the challenge of high heat flux chip 
cooling, this study proposes a novel liquid-cooled heat 
sink that integrates topology optimization with 
microchannel design. The novel proposal combines the 
superior flow characteristics of straight microchannels 
with the enhanced heat dissipation performance of 
topologically optimized structures. Firstly, a multi-
objective topology optimization framework is developed 
to simultaneously minimize the average temperature 
and power dissipation of the cold plate, achieving a 
balance between thermal and hydraulic performance. 
Secondly, a three-dimensional numerical model is 
constructed based on the results of two-dimensional 
topology optimization, and its accuracy is validated. 
Finally, the performance of the proposed scheme was 
compared with that of the straight microchannel and 
separate topology optimization design. The results show 
that the proposed structure reduces the maximum chip 
temperature by 4.28 K and the pressure drop by 319.42 
Pa compared with the straight microchannel, while also 
improving temperature uniformity. These findings 
demonstrate the effectiveness of the integrated scheme 
for designing high-performance cold plates tailored to 
the thermal management needs of electronic devices. 
 
Keywords: Liquid cooled heat sink, High heat flux chip 
cooling, Topology optimization, Heat exchange 

1. INTRODUCTION 
The rapid development of cloud computing, artificial 

intelligence, and 5G communication technologies has 
significantly increased the power density of high-
performance chips, placing greater demands on thermal 
management systems [1]. Efficient heat dissipation is 
now critical for maintaining the reliability, performance, 
and lifespan of electronic components, particularly in 
data centers and high-power computing environments 
[2]. As traditional air-cooling methods struggle to meet 
these rising thermal loads, liquid-cooling has gained 
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widespread adoption for its superior heat transfer 
capabilities. 

Extensive research has been devoted to optimizing 
cold plate heat sink designs through various cold channel 
layouts, including straight microchannels, serpentine 
microchannels [3], tree-shaped microchannels [4, 5], V-
shaped fin structures [6], and wave-shaped 
microchannels [7, 8], etc. Among various liquid cooling 
configurations, straight microchannel heat sinks are 
widely studied for their structural simplicity and 
favorable hydraulic performance. Their stable operation 
and low-pressure characteristics contribute to energy-
efficient cooling [9]. However, a key limitation of straight 
microchannels is that they cannot ensure a uniform flow 
distribution, especially under spatially non-uniform heat 
loads. This shortcoming often results in low efficiency in 
hotspot management, posing thermal reliability 
challenges in high heat flux chip applications. 

Topology optimization originated from structural 
optimization problems [10], but has also been applied to 
cold plate design problems and has emerged as a 
powerful computational approach for the design of high-
performance thermal management systems [11]. Koga et 
al. [12] established a comprehensive framework for 
applying topology optimization to heat sink design and 
experimentally validated its effectiveness in reducing 
pressure drop and enhancing heat dissipation. Similarly, 
Li et al. [13] introduced a topology optimization-based 
method for designing liquid-cooled heat sinks, 
demonstrating improved thermal performance through 
reduced thermal resistance and increased Nusselt 
number compared to conventional parallel-channel 
designs. However, despite these promising results, 
topology-optimized structures often exhibit high flow 
resistance and complex geometries, which can lead to 
increased pumping power requirements and 
manufacturing difficulties [14]. 

To address these limitations of conventional designs, 
integrated cooling designs are gaining attention as a way 
to combine the advantages of different cold plate 
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solutions [15]. However, limited research has explored 
the direct integration of topology optimization with 
microchannel structures within a unified design 
framework. In this study, we propose a novel liquid-
cooled cold plate that merges topology-optimized 
regions with straight microchannel layouts, capitalizing 
on the favorable flow uniformity and low-pressure drop 
of microchannels alongside the enhanced heat 
dissipation offered by topology optimization. This 
integrated design offers a scalable, high-efficiency 
thermal management solution for high heat flux 
electronic systems and provides valuable design insights 
for future applications in electric vehicle power modules 
and aerospace electronics. 

2. DESIGN OF COLD PLATE BASED ON TOPOLOGY 
OPTIMIZATION 

2.1 Physical description 

As illustrated in Fig. 1, the cold plate is defined as the 
design domain for two-dimensional topology 
optimization. The variable density method is employed, 
assuming that the design domain as a porous medium 
whose material properties are governed by the design 
variable 𝛾𝛾. The variable 𝛾𝛾 ranges from 0 to 1, where 
𝛾𝛾 = 0  represents solid material and 𝛾𝛾 = 1 
corresponds to fluid regions. To achieve a balance 
between heat dissipation and pumping power, the 
optimization objective is to minimize both the average 
temperature of the cold plate and its power dissipation. 
The design domain dimensions are 14.8L in length and 
12.4L in width, with an inlet width of 1.5L. The inlet 
temperature 𝑇𝑇𝑖𝑖𝑖𝑖∗  is set to 298.15 K, and the outlet 
pressure 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜∗  is fixed at 0 Pa. 

 
Fig. 1. Schematic of 2D topology optimization problem 

2.2 Governing equation 

Assuming that the coolant in the liquid cooling plate 
is stable and incompressible, and the Reynolds number 
calculations indicate that the flow is laminar. The flow 
equation is controlled by the following governing 
equation: 

0∇⋅ =u  (1) 

( ) 2pρ µ⋅∇ = −∇ + ∇ +u u u F
 

(2) 

where 𝒖𝒖  is the velocity, 𝑝𝑝  and 𝜇𝜇  represent the 
density, pressure and viscosity, respectively. 𝐹𝐹 denotes 
the body force, that is, the flow resistance. 

Due to the distinct heat transfer mechanisms in the 
fluid domain and solid domain, the governing equations 
for energy conservation differ between the two regions. 
The energy equations for the fluid domain and solid 
domain are expressed in equations (3) and (4), 
respectively. To enable a unified formulation across the 
entire design domain, a linear interpolation of the 
thermal conductivities of the fluid domain and solid 
domain is employed. This results in a combined energy 
governing equation applicable to both domains, as 
presented in equation (5). 

( ) 2
p fc T k Tρ ⋅∇ = ∇u

 
(3) 

20 sk T Q= ∇ +   
(4) 

( ) ( ) ( )21 1p s fc T k k T Qγρ γ γ γ ⋅∇ = − + ∇ + − u
 

(5) 

where 𝑘𝑘𝑠𝑠  and 𝑘𝑘𝑓𝑓  are respectively the effective 
thermal conductivity of solids and liquids, 𝑐𝑐𝑝𝑝 represents 
the specific heat capacity, 𝑇𝑇  and 𝑄̇𝑄  are the 
temperature of design domain and heat generation of 
solid domain, respectively. 

2.3 Topology optimization process 

In this study, the topology optimization design was 
carried out by minimizing the average temperature of 
the cold plate and minimizing power dissipation, thereby 
obtaining the solution for the coordinated improvement 
of heat exchange efficiency and energy consumption. 
The average temperature ∅𝑇𝑇  and power dissipation 
∅𝑓𝑓  of the cold plate can be obtained by equations (6) 
and (7), respectively. 

Q
T

Q

Td
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Γ
=

Γ
∫
∫  

(6) 

( )f d dφ µ α γ
Ω Ω

= ∇ ⋅∇ Ω+ ⋅ Ω∫ ∫u u u u
 (7) 

where Ω represents the design domain and 𝒖𝒖 is the 
fluid velocity. 

Since the magnitudes of the average temperature 
objective ∅𝑇𝑇 and the power dissipation objective ∅𝑓𝑓 
differ significantly, this study normalizes them using 
reference values Φ𝑇𝑇

0  and Φ𝑓𝑓0, respectively. The 
complete optimization objective is defined in equation 
(9), where the two normalized objectives are combined 
through a weighted sum. An average temperature 
weighting factor 𝑊𝑊𝑡𝑡 and a power dissipation weighting 
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factor 𝑊𝑊𝑓𝑓 are introduced to balance the trade-off 
between thermal and hydraulic performance. 

0 0, fn nT
T f

T f

φφφ φ
φ φ

= =    
 

(8) 
n n

t T f fW Wφ φ φ= +  (9) 
Herein, the mathematical description of the liquid 

cooling plate design problem based on topology 
optimization is as follows: 
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝛾𝛾 
𝑚𝑚𝑚𝑚𝑚𝑚  𝜙𝜙 = 𝑊𝑊𝑡𝑡𝜙𝜙𝑇𝑇

𝑛𝑛 + 𝑊𝑊𝑓𝑓𝜙𝜙𝑓𝑓𝑛𝑛  

𝑠𝑠. 𝑡𝑡.

⎩
⎪
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∫ 𝛾𝛾𝛾𝛾𝛾𝛾𝛺𝛺

∫ 𝑑𝑑𝑑𝑑𝛺𝛺
≤ 𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎

0 ≤ 𝛾𝛾 ≤ 1
𝑊𝑊𝑡𝑡 + 𝑊𝑊𝑓𝑓 = 1

 
(10) 

where 𝑊𝑊𝑡𝑡  and 𝑊𝑊𝑓𝑓  are temperature weighting factor 
and power dissipation weighting factor, respectively. 
𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎  represents the fluid volume fraction constraint, 
which is an aspect that needs to be studied in this paper. 

The topology optimization of the liquid-cooled plate 
involves coupled multi-physics fields and is performed 
using COMSOL Multiphysics 6.3. To evaluate the impact 
of mesh resolution on the optimization results, four 
different quadrilateral mesh sizes were compared. As the 
mesh is refined, the resulting flow channels become 
more distinct and the structural features more detailed. 
Considering the trade-off between computational 
efficiency and solution accuracy, a mesh size of 0.08L was 
selected for all subsequent simulations in this study. 

2.4 Topology optimization results 

Different objective weight coefficients 𝑊𝑊𝑡𝑡  and 
average fluid volume fractions 𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎  are an important 
factor affecting the topology optimization results. In this 
study, the topology optimization results were 
investigated for 𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎 = 0.5  when 𝑊𝑊𝑡𝑡 = 0.6 𝑎𝑎𝑎𝑎𝑎𝑎 0.7 , 
respectively. Fig. 2 illustrates the topology optimization 
results of cold plates under different 𝑊𝑊𝑡𝑡  and 𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎 . 
These design structures reveal how varying the 
optimization priorities affects internal flow path and 
structural characteristics. When 𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎  remains 
unchanged, the flow channels become denser as 𝑊𝑊𝑡𝑡 
increases. When 𝑊𝑊𝑡𝑡  is large, thermal performance is 
prioritized, resulting in larger flow channels and denser 
structures for enhanced heat transfer. As 𝑊𝑊𝑡𝑡 
decreases, the focus shifts toward hydraulic 
performance, producing more streamlined paths with 
reduced pressure drops. These results demonstrate the 
effectiveness of topology optimization in balancing 
thermal performance and power dissipation objectives, 
providing a promising solution for the development of 

high-performance cold plates suited to specific 
application requirements. 

 
Fig. 2. Topology optimization results under different 

objective weighting coefficients 𝑊𝑊𝑡𝑡 and 𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎 

3. NUMERICAL ANALYSIS AND VALIDATION 

3.1 Three-dimensional numerical analysis model 

To demonstrate the superior performance of the 
integrated topology optimization and straight 
microchannel design, a comparative study was 
conducted against baseline configurations: the 
conventional straight microchannel cold plate and the 
topology-optimized cold plate. As illustrated in Fig. 3, 
four different cold plate configurations are evaluated to 
investigate the influence of various structural design 
strategies on thermal and hydraulic performance. Case 
A, featuring a traditional straight microchannel 
structure, demonstrates low pressure drop due to its 
simple and regular geometry. The three-dimensional 
models of Case B and Case C were established based on 
the results of topology optimization. Case B is the 
topology optimization structure with 𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎 = 0.5  and 
𝑊𝑊𝑡𝑡 = 0.6 , and Scheme C is the topology optimization 
structure with 𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎 = 0.5 and 𝑊𝑊𝑡𝑡 = 0.7. Case B and 
Case C enable more adaptive flow distribution toward 
high heat flux regions, resulting in enhanced heat 
dissipation, but at the cost of increased flow resistance 
and structural complexity. The three-dimensional model 
of Case D presents a hybrid scheme that integrates 
topology optimization with embedded straight 
microchannels, which maintains the efficient flow 
characteristics of microchannels while leveraging the 
heat spreading capability of the topology-optimized 
pathways. 

 
(a) Case A: Straight microchannel 
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(b) Case B: Topology optimization solution (𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎 = 0.5 

and 𝑊𝑊𝑡𝑡 = 0.6) 

 
(c) Case C: Topology optimization solution (𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎 = 0.5 

and 𝑊𝑊𝑡𝑡 = 0.7) 

 
(d) Case D: Topology optimization combined with 

Straight microchannel 

Fig. 3. Three-dimensional structure of the cold plate 

3.2 Boundary conditions and grid independence tests 

Three-dimensional numerical simulation was 
performed based on Ansys Fluent. The material 
properties of aluminum and water are assigned to the 
cold plate and coolant, respectively. Coolant is 
considered to be incompressible fluid with constant 
properties. Thermal conductivity of TIM is set to 6 
𝑊𝑊/(𝑚𝑚 ∙ 𝐾𝐾). The inlet temperature and flow rate of the 
coolant are set to 298.15 𝐾𝐾  and 0.4 𝐿𝐿/𝑚𝑚𝑚𝑚𝑚𝑚 , 
respectively. The outlet pressure is specified as 0 Pa. A 
constant heat flux of 100 𝑊𝑊/𝑐𝑐𝑐𝑐2 is applied to the chip 
surface, while other surfaces exposed to surroundings 
are set as adiabatic surfaces. 

Grid independence testing is the fundamental to 
ensuring the accuracy of calculation results and 
improving calculation speed. This study avoided low-
quality meshes by refining the contact areas between the 
solid domain and the fluid domain. Fig. 4 shows the 
variation of the maximum temperature of the chip with 
the number of grids. Since the flow channels in Case B, 

Case C, and Case D are more complex than those in Case 
A, the number of grids increases significantly after mesh 
refinement. For Case A, when the number of grids 
exceeds 969443, fluctuations in the maximum chip 
temperature caused by the number of grids can be 
ignored. For Case B, Case C, and Case D, when the 
number of grids exceeds 6521346, 6478465, and 
6587782, respectively, the number of grids has almost no 
effect on the maximum chip temperature. Without losing 
generality, considering the balance between calculation 
accuracy and calculation speed, subsequent simulations 
were conducted for Cases A, Case B, Case C, and Case D 
with grid numbers of 969443, 6521346, 6478465, and 
6587782, respectively. 

 
Fig. 4. The maximum temperature of the chip varies 

with the number of grids 

3.3 Results and Discussion 

Fig. 5 presents a quantitative comparison of four cold 
plate schemes (Cases A–D) based on several key 
performance indicators, including maximum and 
minimum temperature, temperature uniformity, 
thermal resistance, pressure drop, and flow resistance 
coefficient. In Case A, the maximum temperature of the 
chip reaches 352.29 K, while Case C achieves the lowest 
maximum temperature (𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 = 346.43 𝐾𝐾 ), indicating 
superior heat dissipation performance. Case A has the 
highest temperature nonuniformity ( 𝑇𝑇𝑆𝑆𝑆𝑆 = 1.97 𝐾𝐾 ), 
while Case D achieves the lowest standard deviation 
(𝑇𝑇𝑆𝑆𝑆𝑆 =1.20 K), indicating excellent thermal uniformity. 
Although Cases A and B achieve efficient heat dissipation 
with minimal thermal resistance, the pressure drop 
increases significantly. Case D achieves a pressure drop 
of 1415.23 Pa and has the lowest flow resistance 
coefficient ( 𝑓𝑓 = 0.88 ). Although Case A has a 
comparably low pressure drop, its poor thermal 
performance makes it unsuitable for applications in high 
flux devices. Overall, Case D strikes a balance between 
thermal efficiency and pressure loss, while offering 
excellent temperature uniformity and minimal flow 
resistance, making it ideal for practical high flux chip 
cooling. 
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(a) Maximum temperature and minimum temperature 

 
(b) Temperature standard deviation and thermal 

resistance 

 
(c) Pressure drop and flow resistance coefficient 

Fig. 5. Comparison of key performance indicators under 
different cold plate structures 

4. CONCLUSIONS 
This study addresses the challenges of high flux 

chips cooling in data centers by proposing an innovative 
liquid-cooled heat sink that integrates topology 
optimization and microchannel design. Key conclusions 
are summarized as follows: 

(1) A multi-objective topology optimization 
framework, leveraging Darcy interpolation and 

Helmholtz filtering, effectively balances thermal 
performance and hydraulic efficiency. Parametric studies 
reveal that thermal weighting coefficients (𝑊𝑊𝑡𝑡) critically 
influence flow path complexity and heat transfer 
uniformity. 

(2) Compared to straight microchannels (Case A), 
the topology-optimized structure (Case C) reduces 
maximum chip temperature by 5.86 K. The integrated 
design (Case D) further enhances practicality, achieving a 
4.28 K temperature reduction and 319.42 Pa pressure 
drop reduction while improving temperature uniformity 
compared to straight microchannels. 

This work provides a scalable strategy for designing 
adaptive cold plates that optimize flow distribution and 
heat dissipation in high power devices. Future 
applications could extend to electric vehicle batteries 
and aerospace systems where thermal management is 
critical. 
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