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ABSTRACT: To address the increasing thermal management demands of electronic devices, this study proposes a
single-inlet, single-outlet counterflow double-layer microchannel structure optimized for non-uniform heat sources
and conducts a numerical analysis. The research focuses on designing a double-layer microchannel structure through
topology optimization under 2.5D chip non-uniform heat source conditions. Its heat dissipation performance is
compared with traditional linear microchannels to analyze the advantages of the topology-optimized microchannel.
In a simulated 2.5D heat source scenario comprising a 240 W logic chip and four 40 W memory chips, the average
temperature at the bottom of the topologically optimized microchannel heat sink decreased by 2 to 4 K compared to
the conventional design when the inlet Reynolds number ranged from 500 to 2300. Concurrently, the system pressure
drop was significantly reduced by 32% to 42%. These results demonstrate that this innovative design offers significant
advantages in enhancing cooling efficiency and reducing energy consumption. Furthermore, due to its unique
counter-current heat transfer mechanism, the structure also exhibits markedly improved temperature uniformity. This
study provides an efficient design solution for advanced electronic thermal management scenarios characterized by
constrained design space and stringent requirements for thermal stress management and integration density.
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1 Introduction
With the advancement of information technology and artificial intelligence, computing and memory

demands have surged dramatically, driving continuous miniaturization and increased transistor integration.
While three-dimensional integrated circuits offer extremely high integration density, they require stringent
manufacturing processes and suffer from severe thermal concentration issues [1]. To facilitate the transition
to 3D integrated circuits, 2.5D chips that integrate modules onto silicon interposers have been proposed.
Their high integration density and larger heat dissipation area make them an optimal packaging solution
for bridging 2D and 3D integrated circuits [2]. Nevertheless, despite these advancements, thermal manage-
ment remains a critical bottleneck due to the persistent high integration density, necessitating stable and
reliable cooling solutions within confined spaces. Air cooling technology has limited thermal dissipation
capacity and can no longer effectively address the heat dissipation challenges of highly integrated electronic
components [3]. Currently, common techniques for tackling high heat flux density include phase-change
cooling [4] and liquid cooling radiators [5]. Although phase-change cooling utilizes the latent heat of
vaporization for greater thermal dissipation potential, its cooling mechanism is constrained by the critical
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heat flux density [6]. Single-phase liquid-cooled microchannel heat sinks have achieved extensive use owing
to their superior heat transfer efficiency, straightforward and stable design, and economical nature [7].
The internal flow channel structure of microchannel heat sinks significantly determines their flow and
heat transfer performance [8]. Due to the spatial limitations of chip integration, traditional microchannel
structures increasingly fail to satisfy the heat management requirements of electronic devices. Consequently,
researchers have begun optimizing flow channel parameters within limited spaces to achieve optimal cooling
performance [9].

Since Tuckerman and Pease [10] initially introduced microchannel heat sinks, extensive research has
meticulously examined their remarkable heat transfer efficiency and compact structural design [11]. To
improve the heat transferring effectiveness in microchannels, scholars have performed comprehensive
optimization designs on flow channel architectures, including tree-like microchannels [12] and honeycomb
microchannels [13]. Simultaneously, to meet high heat flux density cooling demands, various cross-sectional
shapes [14], manifold structures [15], and double-layer microchannel designs [16] have been developed. Bejan
and Errera [17] subsequently proposed a construction theory and explored the generation principles of tree-
like structural elements [18]. However, existing microchannel structure designs remain highly dependent
on researchers’ experience, exhibiting inherent limitations particularly when addressing microchannels
for non-uniform heat sources. While traditional straight-through microchannel heat sinks can achieve
thermal resistances of 0.1–0.5 K⋅cm2/W, fluid temperature gradients can reach 30–50○C under non-uniform
heating conditions. Therefore, an immediate requirement exists for a microchannel design process that
can be tailored to particular heat source distributions to satisfy the increasing demand for elevated heat
flux densities.

Topology optimization (TO) techniques provide novel strategies for microchannel design, overcoming
the limitations of flow channel design that rely on subjective decision-making. Bendsøe and Kikuchi [19]
were the first to propose a topology optimization-based method for finding optimal solutions, applying it
to structural design to achieve optimal structures. Borrvall and Petersson [20] enhanced this methodology
for fluid dynamics by incorporating an additional damping term—the Brinkman penalty—into the flow
equations to model solid material resistance. By modifying material allocation within the design domain,
guided by objective functions and constrained by boundary conditions, topology optimization efficiently
generates microchannel structures with complex curved geometries. In convective heat transfer, the primary
goal of topology optimization is to improve thermal transfer efficiency while minimizing pressure drop. Zhao
et al. [21] utilized topology optimization to reduce flow energy dissipation. Koga et al. [22] achieved dual-
objective topology optimization for microchannel convective heat transfer by defining a weighted objective
function balancing heat exchange and fluid flow. Palumbo et al. [23] employed a topology optimization
method based on variable density to minimize temperature nonuniformity in water-cooled microchannel
heat sinks fabricated using thermal spray additive manufacturing. The optimized heat sinks exhibited lower
surface temperatures and reduced temperature gradients under various flow conditions. Research findings
demonstrate that channel branching increasingly intensifies with a greater emphasis on the temperature
optimization target. In 1999, Vafai and Zhu [24] introduced a microchannel heat sink design with a double-
layer counterflow configuration to successfully mitigate the persistent temperature increase along the flow
direction in single-layer heat sinks. They observed that the dual-layer design significantly reduced temper-
ature rise in the bottom-flow direction while delivering more uniform cooling performance. Subsequently,
numerous studies based on this dual-layer concept have emerged, further enhancing microchannel heat
sink performance [25]. In the existing literature, over 80% of TO microchannel studies focus on uniform
heat sources, and most optimization frameworks employ constant fluid properties, neglecting the effects
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of viscosity and thermal conductivity variations with temperature. Particularly for chips with actual non-
uniform heat sources, these omissions may lead to performance prediction deviations as high as 15% to
25%. Furthermore, most literature has limited investigation into channels under multiple weighting factors,
typically presenting only one or a few topological results without systematically screening outcomes across
a wide range of weighting factors. The determination of weighting coefficients is often arbitrary, lacking
scientific justification based on rigorous Pareto frontier analysis.

To enhance the thermal performance of 2.5D chips, this paper employs a topology optimization
design approach combined with a counter-current flow configuration. By adjusting inlet conditions, a
two-dimensional rectangular flow channel undergoes topology optimization, resulting in a dual-layer,
topology-optimized microchannel structure. This configuration achieves exceptional heat dissipation perfor-
mance and temperature uniformity. The locally scaled flow channel structure ensures optimal flow-to-heat
load matching while expanding the heat dissipation area and enhancing cooling capacity without signifi-
cantly increasing the pressure drop. The upper microchannel balances the temperature distribution of the
lower microchannel, effectively reducing peak temperatures and optimizing thermal uniformity across the
chip surface. This topologically optimized microchannel heat sink increases the fluid flow path length, over-
coming uneven surface temperature distribution while maintaining a low pressure drop and superior thermal
performance. This research offers a novel design approach for developing efficient, reliable microchannel
heat sinks in confined spaces and under low-flow conditions. The design holds broad application prospects,
particularly for electronic device cooling and aerospace thermal management systems.

2 Topology Optimization Model

2.1 Description of the Physics Problem
Fig. 1 illustrates the physical model of the microchannel heat sink (MCHS) examined in this study,

which primarily consists of a flow channel layer and a heat source layer. The operational principle entails the
working fluid arriving via the intake of the flow channel layer, flowing through the heat sink, and dissipating
heat generated by the heat source layer—a 2.5D chip comprising four memory chips and one logic chip.
This process achieves effective cooling and thermal management. The flow channel configuration markedly
affects flow dynamics and thermal dissipation properties. An optimum design of the flow channel structure
is crucial to achieve a balance between flow performance and heat dissipation capacity while maintaining
a uniform temperature distribution. Considering the manufacturability of the MCHS and the convergence
requirements of the topology optimization model, this study simplifies each heat dissipation flow channel
layer into a two-dimensional model, as shown in the figure, with fixed inlet and outlet positions. A 2.5D heat
source boundary condition is applied to the lower design domain.

The heat source is located only at the bottom of the lower microchannel; the upper microchannel does
not come into direct contact with the heat source, and heat must be conducted upward through the solid
structure of the lower layer and the intermediate layer. Therefore, there is a fundamental difference between
the heat dissipation functions of the upper and lower microchannels: the lower layer bears the primary
heat dissipation function, while the upper layer serves a supplementary role. This study employs a split-
topology optimization strategy: the upper and lower layers of microchannels are optimized independently,
without any coupling between them. Additionally, for the series configuration, the upper wall surface at
the outlet of the lower microchannel is cooled by the upper layer, which further reduces the temperature
difference on the upper wall surface of the lower microchannel compared to a single-layer microchannel.
Consequently, the upper wall surface of the lower microchannel exhibits excellent temperature uniformity.
At the same time, the upper layer must obtain heat through conduction, resulting in a difference in heat
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dissipation contributions between the two layers. Based on system-level thermal analysis, a uniform heat
source was established as the thermal boundary condition for the top-layer topological optimization.

Figure 1: Schematic diagram of double-layer microchannel topology optimization.

Additionally, symmetric boundary conditions were employed during the topology optimization process
to halve the computational domain and reduce computational costs, with the complete geometry obtained
by mirroring.

2.2 Interpolation Function
Within defined objective functions and limitations, iterative calculations of material distribution are

performed using optimization algorithms to obtain the corresponding optimal topology. A design density
parameter, γ, is introduced, with values ranging from 1 (fluid material) to 0 (solid material) within each
finite element cell. To achieve a clear and distinct material distribution and to avoid the adverse effects of
intermediate density values on the overall distribution, a “penalty” treatment is applied to γ. The defined
inverse permeability, α, is designed to reduce the occurrence of intermediate density values. This paper
employs the following parametric convex interpolation function:

α (γ) = αs + (αf − αs) γ
1 − qp

γ + qp
(1)

Based on the definition of inverse permeability α in the porous medium model, and by combining α
with the design variable γ through convex function interpolation, Eq. (5) can be rewritten as follows:

α (γ) = μ
Da ⋅ L2 ⋅

1 − γ
qp + γ

(2)

Similarly, interpolation functions for thermal conductivity k, density ρ, and specific heat capacity cp are
provided:

k (γ) = ks + (kf − ks) γ
1 − qp

γ + qp
(3)

ρ (γ) = ρs + (ρf − ρs) γ
1 − qp

γ + qp
(4)



Front Heat Mass Transf. 2026;24(3):2 5

cp (γ) = cp,s + (cp,f − cp,s) γ
1 − qp

γ + qp
(5)

where ks, ρs, and cp,s represent the thermal conductivity, density, and specific heat capacity of the solid
substance.

2.3 Control Equation
Velocity and thermal analysis are crucial for clarifying the heat dissipation mechanisms in the MCHS,

the following are assumptions regarding flow and heat transfer in the design domain: (1) Since the Re is below
2300, the fluid flow within the channel is laminar; (2) The fluid is incompressible.

The continuum equation is given by

∇ ⋅ u = 0 (6)

where u is the fluid velocity vector.
The momentum equation is given by

ρ f (u ⋅ ∇u) = −∇p + μ∇2u + F (7)

where ρf is the fluid density, p is the pressure, μ is the dynamic viscosity and F is the volume force.
The volume force can be expressed as follows:

F = −α (λ)u

where α is the reverse permeability of the porous medium.
In solid domain, the energy equation is given by

−∇ ⋅ (ks∇T) = Q (8)

In fluid domain, the energy equation is given by

ρ f cp , f (u ⋅ ∇)T = k f∇2T + Q (9)

where cp,f is the fluid specific heat capacity, Q is the heat source, ks indicates the solid thermal conductivity,
and kf indicates the fluid thermal conductivity.

2.4 Filtering and Projection Methods
To mitigate inconsistencies in optimization results caused by mesh partitioning, this design approach

incorporates a density filtering method based on the Helmholtz partial differential equation [26], which is
expressed as follows:

−r2
min∇2γ̃ + γ̃ = γ (10)

where rmin is the defined filtering radius, serving as both the pre-filtered and post-filtered design variable.
To simultaneously ensure computational accuracy and manufacturability, rmin is set to 0.1 mm in this study.

The filtered density reintroduces intermediate density cells, resulting in gray-scale cells within the fil-
tered topology-optimized structure. To ensure clear fluid-solid boundaries, the hyperbolic tangent projection
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method [27] is applied to project the filtered design variable, yielding a clear flow channel topology-
optimized structure. The expression is as follows:

̂̃γ =
tanh (β (γ̃ − γβ)) + tanh (βγβ)
tanh (β (1 − γβ)) + tanh (βγβ)

(11)

here, ̂̃γ represents the projected design variable, β denotes the projection slope, and γβ signifies the projection
point. In the model studied herein, β = 8 and γβ = 0.5. As shown in Fig. 2, it can be observed that under these
conditions, ̂̃γ more readily approaches 0 or 1 as varies, thereby achieving a more distinct material distribution
and effectively reducing the occurrence of gray-scale units.

Figure 2: Projection curves under different projection slopes β.

2.5 Realization of the Target Space
The efficacy of the MCHS is often assessed by their thermal dissipation capability and hydraulic

resistance. An optimal MCHS must attain superior heat dissipation while preserving low flow resistance. This
work utilizes average temperature (Tavg) and resistance loss (Φ) to concurrently limit these two variables,
quantifying thermal performance and hydraulic loss. Tavg offers a clear representation of the heat transfer
efficiency of the MCHS. A reduced Tavg value under equivalent operating conditions signifies enhanced
system-level thermal efficiency. The Φ directly denotes the mechanical energy loss attributable to viscous
friction in the flow channels [28]. An elevated Φ value necessitates increased pumping power to sustain
fluid flow, thereby augmenting total energy consumption. The methodologies for calculating Tavg and Φ are
explained below:

Γ = 1
A ∫Ω

TdΩ (12)

Φ = 1
2

μ∫
Ω
∇u ⋅ ∇udΩ + ∫

Ω
α (γ)u ⋅ udΩ (13)
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To enable the resolution, the multi-objective optimization issue must be converted into a single-
objective optimization problem appropriate for numerical techniques. The original multi-objective function
is specifically transformed into a weighted sum, and the objective functions for temperature and pressure
drop are nondimensionalized. Due to significant differences in the magnitude of the dimensionless objective
function values, the objective function for topology optimization is expressed using logarithmic notation:

Φ∗ = Φ
Φ

; Γ∗ = Γ
Γ

(14)

Ψ (γ) = w1 ln (Φ
Φ
) +w2 ln (Γ

Γ
) (15)

where w1 is the flow enhancement weighting factor; w2 is the heat dissipation enhancement weighting factor,
Φ is the baseline flow dissipation in the initial domain; Γ is the baseline temperature in the initial domain.
Due to the differing sensitivities of the objective function to temperature and pressure drop, and because the
flow channel design prioritizes reducing the average temperature, the weighting coefficient for temperature
is placed in the denominator. A topology optimization method with weighting coefficients w > 1 is employed
for microchannel design to achieve a flow channel structure with superior heat dissipation performance. The
weighting factor w is defined by the following objective function:

w = w2

w1
(16)

This study employs the Method of Moving Asymptotes (MMA) [29], with a maximum iteration count
set to 400 and an optimization tolerance of 10−8. Under the boundary and constraint conditions investigated,
stable and reliable topology optimization results are consistently obtained.

3 3D Assessment

3.1 3D Numerical Model
To assess the outcomes of two-dimensional topology optimization, where white areas denote solid fins

and black areas signify fluid, the contour line corresponding to γ = 0.5 is retrieved to delineate the fluid-solid
interface. The contour line is subsequently stretched in the z-direction to create the entire three-dimensional
structure, as depicted in Fig. 3 [30–32].

Table 1 presents the initial boundary conditions and geometric dimensions of the design domain used
in the topology optimization model. The logic chip measures 26 mm × 26 mm and contains heat source Q1.
Each of the four memory modules measures 8 mm × 12 mm and contains heat source Q2. Water is used as
the working fluid (fluid domain), while copper is selected as the heat dissipation material (solid domain).
Due to significant temperature-dependent variations in fluid properties—particularly the high sensitivity of
viscosity to temperature—calculations of flow losses using non-actual physical parameters would produce
results that deviate substantially from reality. To better approximate actual operating conditions and avoid
compromising the final results of the topology optimization [33], this study employs the following equation
to describe the temperature-dependent variation of fluid properties [34]:

ρ = aρ + bρ TC + cρ T2
C + dρ T2.5

C + eρ T3
C (17)

μ = 1
aμ + bμ TC + cμ T2

C + dμ T3
C

(18)
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cp , f = aCP + bCP TC + cCP T 1.5
C + dCP T2

C + eCP T2.5
C (19)

k f = ak + bk TC + ck T 1.5
C + dk T2

C + ek T0.5
C (20)

Figure 3: Three-dimensional microchannel fabrication process.

Table 1: Preliminary parameters for topology optimization models.

Parameters Value Unit
Lower layer inlet velocity v2 0.05 m/s
Upper layer inlet velocity v1 0.01 m/s

Inlet temperature Tin 293.15 K
Ambient temperature T0 293.15 K

Darcy Number Da 10−4 /
Weighting factor w 10–90 /

Radius of the inner circle rmesh 0.1 mm
Volume fraction φ 0.4~0.7 /

Penalty factor p 0.1 /
Outlet pressure Pout 0 Pa

Topology domain dimensions L, W 54, 36 mm
MCHS structure dimensions L1, W1, H1 58, 38, 3.5 mm

MCHS Single-Layer Height H 1 mm
MCHS Partition Thickness L2 0.5 mm
MCHS Inlet/Outlet Width W2 5 mm

Non-Uniform Heat Sources Q1, Q2 240, 40 W

TC = TK − 273.15 K, where TK denotes the temperature in Kelvin; the coefficients used in the above
equation are presented in Table 2:
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Table 2: Polynomial coefficients.

a b c d e
ρ 999.8 0.06832 −0.01074 0.0008214 −2.303 ∗ 10−5

μ 557.8 19.41 0.1360 −3.116 ∗ 10−4

cp , f 4217 −5.618 1.299 −0.1154 4.150 ∗ 10−3

k f 0.5650 0.002636 −0.0001252 −1.515 ∗ 10−6 −0.0009413

Based on the multi-objective optimization parameters and initial conditions derived from the above
topology optimization, the following underlying microchannel topology results were generated in Table 3:

Table 3: TO-generated MCHS under various circumstances.

φ = 0.4 φ = 0.5 φ = 0.6 φ = 0.7

w = 10

w = 20

w = 30

w = 40

w = 50

w = 60

w = 70

(Continued)
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Table 3 (continued)

φ = 0.4 φ = 0.5 φ = 0.6 φ = 0.7

w = 80

w = 90

As shown in Fig. 4, a series of Pareto-optimal design schemes were obtained by adjusting the weighting
factor w from 10 to 90. As the value of w increases, the design schemes progressively shift toward optimizing
the temperature objective function. Although flow performance declines, the decrease is relatively gradual
and remains within an acceptable range throughout. This demonstrates that the weighting factor can
effectively regulate design bias while avoiding the introduction of critical thresholds that cause abrupt
changes in the results.

Figure 4: Pareto optimality curve.

3.2 Grid Independence Check
This paper selects a topology-optimized radiator with constraints w = 50 and φ = 0.5 to perform grid

independence verification. Table 4 presents simulation data for the lower microchannel at Re = 1400 under
different mesh resolutions, where errors are calculated according to Eq. (21), utilizing Mesh 6 of the highest
quality mesh as the Ja. Table 4 illustrates that the discrepancies between Mesh 4 and Mesh 6 for inlet-outlet
pressure (ΔP) and Tavg difference are both within 1%. Given considerations of computational precision and
expense, using grid 4 as the simulation model, proceed with the subsequent simulation work.
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e% = ∣ Jb − Ja

Ja
∣ × 100% (21)

Table 4: Verification of grid independence.

Mesh Numbers Δ P/Pa e1/% Tavg/K e1/%
Mesh 1 405,368 2106.24 19.540% 311.55 −3.730%
Mesh 2 812,635 1908.96 8.343% 316.58 −2.175%
Mesh 3 1,635,672 1960.05 11.243% 318.59 −1.554%
Mesh 4 2,435,961 1746.59 −0.872% 322.77 −0.263%
Mesh 5 3,250,949 1812.36 2.860% 322.97 −0.201%
Mesh 6 4,876,339 1761.96 – 323.62 –

3.3 Data Processing
(1) Evaluation metrics for thermal performance

In the research, we employ temperature standard deviation (Tδ) and Tavg to thoroughly assess the heat
transfer efficiency of microchannels with different configurations. The equations for Tδ and Tavg are shown
below:

Tavg =
1

AΩ
∫

Ω
TdA (22)

Tδ =
√

1
AΩ
∫

Ω
(T − Tavg)

2 dA (23)

This study determines the effective heating power by utilizing the enthalpy variation between the fluid
inlet and output, due to heat loss, while calculating the amount of heat generated directly by the porcelain
heating pad. The precise formula is as follows:

Q = qmcp , f (Tout − Tin) (24)

the mass flow rate, represented as qm and Tin – Tout indicates the temperature difference between the inlet
and outlet of the MCHS.

The mean heat transfer coefficient is given by:

havg =
Q

Ah (Tavg − Tf )
(25)

Tf =
ΔTout − ΔTin

In (ΔTout/ΔTin)
(26)

Nu =
havg ⋅ Dh1

λ f
(27)

where Ah represents the cooling region area of the MCHS.

(2) Performance evaluation indicator for fluidity
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The flow performance of the MCHS can be evaluated by measuring the pressure drop ΔP and the Re
within the microchannel:

ΔP = Pin − Pout (28)

Re = ρuDh2

μ
(29)

Dh2 =
4Aw

Pw
(30)

where Aw represents the cross-sectional area of the MCHS, Pw denotes the wet perimeter of the channel, and
Dh2 represents the inlet hydraulic diameter.

3.4 Model Validation
Mo et al. [35] experimentally investigated the flow and heat transfer characteristics of microchannels

under laminar flow conditions. The microchannel studied is shown in Fig. 5a and features a fluid domain
inlet length of 5 mm, a total length of 120 mm, a width of 60 mm, a height of 2 mm, and adjacent wall
thicknesses of 1 mm. A uniform heat flux density of q0 = 7000 W/m2 was applied to the bottom of the liquid
cooling plate. Nine K-type thermocouples were arranged on the upper wall surface (Fig. 5b). The numerical
model in this study was validated by simulating this experiment. The working fluid was water with an inlet
temperature of 293.15 K. Table 5 presents comparisons between numerical results and experimental data for
different inlet flow rates. As the inlet flow rate increases, the trends in average temperature and ΔP at the
bottom of the MCHS in the three-dimensional model align with the experimental findings.

Figure 5: Experimental study of a linear microchannel by Mo et al. (a) Diagram of the experimental model,
(b) Schematic diagram of temperature measurement point locations.

Table 5: Comparison and validation of Mo et al.’s experimental results with the simulation model presented in this
paper.

Flow Rate (m3/s) Average Temperature(○C) Error (%) Pressure Drop (Pa) Error (%)
Experimental [35] Numerical Experimental [35] Numerical

7.111 × 10−6 23.04 23.81 3.34 450.2 429.5 4.60
1.044 × 10−5 22.31 23.08 3.47 867.33 801.2 7.62
1.389 × 10−5 21.81 22.63 3.76 1408.9 1307.9 7.17
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4 Results and Discussion

4.1 Double-Layer Topology Optimization MCHS Result Model
As shown in Fig. 6, a microchannel with a weighting factor w = 50 and a volume fraction φ = 0.5

was selected as the lower microchannel layer based on the Pareto curve in Fig. 4. This was compared with
a straight-line structure having identical channel thickness and width dimensions (linear microchannel
volume fraction: 0.5 ± 0.05). Simultaneously, due to the lower heat dissipation of the upper microchannel
and the smaller temperature difference on the upper wall surface of the lower microchannel, the upper
microchannel was topologically optimized under the constraints of weighting factor w = 50 and volume
fraction φ = 0.5, based on the parameters in Table 1, under a uniform heat source of 100 W. The minimum
dimensions of the topologically optimized microchannel flow channels selected during the screening process
exceed 0.5 mm, ensuring their manufacturability and feasibility for application in future experiments.
To evaluate the performance of the topologically optimized design, the two-dimensional models of the
stretched double-layer topologically optimized microchannel and the double-layer linear microchannel
were converted into three-dimensional microchannels. A comparative analysis of their heat dissipation
performance was then conducted.

Figure 6: Double-layer microchannel model. (a) TO microchannel, (b) linear microchannel.

This study employs the commercial software Fluent 2024 to perform coupled flow and heat transfer
simulations in microchannels, utilizing its built-in k-ε turbulence model for flow analysis.

4.2 Thermal Performance Analysis of Microchannel
Fig. 7 shows the Tavg across different MCHS structures with the Re under a given non-uniform heat

source condition. The findings illustrate that Tavg decreases with increasing Re, though at a progressively
slower rate. When the Re reaches 2300, the Tavg of the linear double-layer microchannel progressively
declines, ultimately reaching 42.65○C. Notably, compared to the linear microchannel, the topologically
optimized double-layer microchannel exhibits a more pronounced decrease in Tavg, reaching a minimum
value of 40.03○C.
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Figure 7: Relationship between Tavg and Re at the bottom of the MCHS.

Fig. 8 illustrates the temperature distribution patterns of two double-layer microchannel structures
under a Re of 1400 conditions. Due to the combined effects of the increased Reynolds number and
microchannel geometry, distinct temperature distribution patterns emerge. The temperature distribution
within the channel reveals that the complex branching flow paths in the TO structure continuously disrupt
the formation of the thermal boundary layer. Thinner thermal boundary layers correspond to higher heat
transfer coefficients; in contrast, the boundary layer gradually thickens in straight-through channels, leading
to reduced heat transfer performance downstream (the enlarged area on the right in Fig. 8d). Simultaneously,
the topologically optimized design guides localized fluid deflection, enabling rapid mixing between high-
temperature and low-temperature fluid regions (the enlarged area in Fig. 8a). This not only enhances heat
transfer efficiency but also promotes the transport of cold fluid from the channel core toward the heated
wall surface, thereby reducing surface temperature gradients. In the linear double-layer microchannel, the
low-temperature zone is concentrated at the inlet of the bottom flow channel (the enlarged area on the left
in Fig. 8d). In contrast, the topologically optimized microchannel exhibits a more uniform distribution of
the lowest temperatures along both sides of the microchannel bottom. This discovery corresponds with the
essential physical principles governing heat transfer and flow properties in these structures (refer to Fig. 9).
The temperature distribution maps distinctly illustrate the respective cooling efficiencies and temperature
uniformity. Compared to the linear double-layer microchannel, the topology-optimized (TO) double-layer
microchannel exhibits significantly lower peak temperatures and more uniform thermal gradients. The
results quantitatively align with the changes in Tavg and Tδ illustrated in Figs. 7 and 10, thus reinforcing
the enhanced thermal management efficacy of the topology-optimized microchannel design under elevated
heat flux conditions. Further analysis indicates that when the Re increases from 500 to 1400, the average
temperature (Tavg) on the bottom wall surfaces of the TO and linear double-layer microchannels decreases
by 40.77○C and 39.57○C, respectively. As Re increases from 1400 to 2300, the temperature reduction rates
significantly diminish to 9.59○C and 8.8○C, respectively, while the Tδ variation remained within 0.2○C.
This indicates that beyond the critical flow rate, increasing the Reynolds number only marginally enhances
cooling efficiency without further improving temperature uniformity. The above results indicate that, in
practical applications, selecting the appropriate microchannel based on the actual operating range is essential
to maximize the heat dissipation performance [36].
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Figure 8: Temperature distribution at the bottom and intermediate interfaces of microchannels on each layer of MCHS
at a Re of 1400. (a) TO-lower Intermediate interfaces, (b) TO-upper Intermediate Interfaces, (c) TO bottom Interfaces,
(d) linear-lower intermediate interfaces. (e) linear-upper intermediate interfaces, (f) linear bottom Interfaces.

Figure 9: Velocity distribution at the mid-section of each layer in the MCHS at a Re of 1400. (a) TO-lower Intermediate
interfaces, (b) TO-upper Intermediate interfaces, (c) linear-lower Intermediate interfaces, (d) linear-upper Intermediate
interfaces.

Fig. 10 shows the Tδ across each microchannel. Superior thermal uniformity not only indirectly reflects
the radiator’s outstanding heat dissipation performance but also effectively reduces thermal stress on the
chip, providing valuable reference for future chip applications. The topologically optimized double-layer
microchannel consistently exhibits a lower temperature standard deviation, demonstrating superior temper-
ature uniformity. In contrast, the linear double-layer microchannel shows poorer temperature uniformity.
Although its uniform flow channel geometry allows fluid to flow evenly through the microchannel, the fluid
distribution within the microchannel remains uneven. Consequently, this uneven flow distribution leads to
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localized temperature variations [37]. These results indicate that optimizing microchannel branch designs
requires balancing the microchannel structure with the uniformity of fluid velocity distribution.
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Figure 10: Standard deviation of temperature as a function of Re.

4.3 Characteristics of Liquid Flow in Microchannels
When the flow rate is constant, the MCHS with higher pressure drops also require greater pumping

power. Therefore, in designing microchannels, it is essential to consider not only their heat dissipation
capacity but also the increased power consumption resulting from elevated pressure drops. Fig. 11 illustrates
the trend of ΔP as the Reynolds number increases. As the Reynolds number rises, the ΔP of different
double-layer microchannels increases at an accelerating rate.
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Figure 11: Pressure decline as a function of Reynolds number.

A quantitative analysis of this increase reveals that when the Reynolds number rises from 500 to 1400,
the ΔP for the Topology Optimization structure and the linear structure increases by 1346 and 1774 Pa,
respectively. When the Reynolds number increased to 2300, the additional pressure drop for the two
microchannel structures rose to 2046 and 2668 Pa, respectively. These results demonstrate a gradual upward
trend in pressure drop with increasing Re. The findings indicate that higher inlet coolant flow velocities lead
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to greater flow resistance losses and a more rapid increase in ΔP. This phenomenon highlights the substantial
influence of fluid velocity on the flow resistance of the MCHS constructions.

Since the heat transfer process in microchannels is significantly influenced by the fluid flow path and
mixing degree within the channel [38], investigating the flow field distribution within microchannels is
crucial. This facilitates enhancing the heat transfer efficiency of microchannels by leveraging fundamental
principles of heat transfer.

Fig. 9 compares the velocity field distributions within the double-layer topologically optimized
microchannel and the linear double-layer microchannel at Re = 1400, further clarifying the process under-
lying the improved heat transfer in the topologically optimized microchannel. The velocity field within the
topologically optimized (TO) flow channel exhibits distinct velocity peaks near the inlet, outlet and central
region. Combined with the temperature distribution zones in the microchannel shown in Fig. 8, it is evident
that heat transfer is enhanced near high-velocity flow regions, resulting in lower temperatures. The thermal-
fluid coupling analysis verifies that the TO structure facilitates effective heat dissipation while preserving
uniform temperature gradients through the optimization of flow acceleration in essential areas.

Fig. 9c,d demonstrates that the coolant follows almost linear streamlines in the linear double-layer
microchannel, resulting in inadequate mixing efficiency. The fluid primarily exits the central flow channel
at a relatively high velocity, hence diminishing heat dissipation efficiency. Therefore, longer flow paths must
be designed in high-velocity regions to enhance heat removal capacity. Fig. 9a,b shows the fluid flow paths
within the topologically optimized double-layer microchannel. This optimized microchannel incorporates
extended flow channels in the heat source region, ensuring that high-velocity flow is maintained throughout.
Consequently, its heat transfer performance surpasses that of straight channels while providing superior
temperature uniformity. Although linear microchannels exhibit higher flow velocities in the central region,
the fluid exits without sufficient heat exchange with the microchannel walls, resulting in inferior heat
dissipation. In summary, enhancing the heat dissipation capability of microchannels requires consideration
not only of flow uniformity but also of fluid velocity within the flow path, as well as the length of high-velocity
flow paths and the heat exchange area.

Fig. 12 shows the flow field distribution within the TO MCHS at Reynolds numbers of 500 and 1400.
As the inlet velocity increases, a distinct velocity deflection occurs within the channel, leading to vortex
formation at the branch point. This explains why viscous dissipation increases rapidly with rising flow
velocity. Furthermore, the stagnation zones created by vortex formation prevent adequate mixing in adjacent
regions. Consequently, simply increasing the flow velocity has a limited effect on enhancing the thermal
performance of the MCHS, revealing one reason why the improvement in thermal performance diminishes
as the Reynolds number increases.

Figure 12: Flow field distribution in the intermediate section of the lower microchannel within a TO double-layer
microchannel. (a) Flow field at an inlet Reynolds number of 500, (b) Flow field at an inlet Reynolds number of 900.
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4.4 Evaluation of MCHS Overall Performance
To evaluate the performance advantages of the double-layer topologically optimized microchannel

compared to the double-layer linear microchannel, the removal effect of topological optimization on the
designed microchannel was comprehensively assessed using the relationship between pressure drop and heat
transfer coefficient (expressed as (Nu/Nu0)/(ΔP/ΔP0)1/3) [39]. Here, ΔP0 and Nu0 represent the pressure
drop and Nu of the linear double-layer MCHS, respectively. All structural data are illustrated in Fig. 13. The
statistics reveal that the TO design exhibits enhanced overall heat dissipation performance. Combined with
the performance of the topologically optimized microchannel in temperature uniformity, this demonstrates
the broad prospects of topology optimization in heat dissipation applications.
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Figure 13: Overall performance results of microchannels.

5 Conclusions
To address the increasing thermal flux density demands of electronic chips, this study employs topology

optimization to improve the design of the MCHS. A double-layer, topologically optimized microchannel
with a microchannel φ = 0.5 and a w of 50 per layer was designed. The heat dissipation performance and
pressure drop of the topologically optimized microchannels were compared with those of a conventional
linear double-layer microchannel to evaluate their effectiveness in heat dissipation. Based on numerical
simulation results, the following main conclusions were drawn:

(1) The quantity of branches, width, and flow channel distribution in microchannels substantially affect
their heat transmission efficiency. The complex branching flow channels of the TO structure contin-
uously disrupt the development of the thermal boundary layer. A thinner thermal boundary layer
corresponds to a higher heat transfer coefficient; whereas in straight flow channels, the boundary layer
progressively thickens, leading to diminished heat transfer performance downstream. Simultaneously,
the topologically optimized design induces localized fluid deflection, promoting the transport of cold
fluid from the channel’s core region toward the heated wall surface, thereby reducing the surface
temperature gradient. In the evaluated design, when the inlet Reynolds number varied from 500 to
2300, the TO double-layer microchannel demonstrated superior temperature uniformity compared
to the linear microchannel. Additionally, the TO double-layer microchannel exhibited better cooling
capability than the linear double-layer microchannel, achieving a temperature reduction of 2 to 4 K
compared to conventional microchannels.
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(2) Under identical inlet Reynolds number conditions, the smooth transition design at the branch
points of the TO microchannel flow path significantly reduces pressure drop. Straight microchannels
typically feature sharp right angles at branch points, leading to flow separation and vortex formation.
This consumes significant energy, resulting in a substantial increase in local resistance. Within the
Reynolds number range of 500 to 2300, the TO microchannel exhibits a 32% to 42% lower pressure
drop compared to linear microchannels, demonstrating superior performance. Furthermore, as the
Reynolds number increases, the rate of pressure drop increase in the TO microchannel is lower than
that in linear microchannels.

(3) By comparing our previous research on single-layer, topologically optimized microchannels under
uniform heat source conditions [40], this paper analyzes the temperature uniformity of double-layer
microchannels under non-uniform heat source scenarios. The results indicate that the temperature
uniformity of double-layer microchannels outperforms that of single-layer microchannels, primarily
due to significantly increased heat dissipation pathways and counter-current loops. Consequently,
double-layer microchannels are more suitable for chip applications requiring low cooling flow rates,
high thermal stress tolerance, and high integration density.
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Nomenclature
Ah The cooling region area
Aw Channel wetted cross-sectional area [m2]
cp,f Fluid constant-pressure specific heat [J kg−1 K−1]
d Hydraulic diameter [m]
Da Darcy number
Dh1 Characteristic length [m]
Dh2 Inlet hydraulic diameter [m]
h Heat transfer coefficient [W m−2 K−1]
ks Solid thermal conductivity
kf Fluid thermal conductivity
Nu Nusselt number
P Pressure [Pa]
q′′ Heat flux [W m−2]
qm Mass flow rate [kg s−1]
Qv Volumetric flow rate [L min−1]
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r Radius of the inner circle [m]
Re Reynolds number
T Temperature [K]
u Velocity [m s−1]
z Coordinate in z-direction

Greek Symbols
w Weighting factor
φ Volume fraction
Ω Design domain
δ Standard deviation
μ Dynamic viscosity [Pa s]
ρ Density [kg m−3]

Subscripts
avg Average
f Fluid
in Inlet
out Outlet
s Solid
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