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Abstract: In the current era of rapid technological development, microchannel heat sink
technology has attracted significant attention due to its remarkable advantages in fluid flow
and heat transfer performance. This paper aims to explore optimization methods for the flow
and heat transfer performance of microchannel heat sinks (MCHS) by reviewing and
summarizing various innovative structural designs, with the goal of achieving breakthrough
progress in heat transfer efficiency. First, the paper reviews the fundamental principles and
the current research status of MCHS, emphasizing their potential applications in efficient heat
transfer. Next, several strategies to optimize the flow and heat transfer performance of MCHS
are presented in detail, including modifications to channel cross-sections and manifold
design. Through a review of relevant literature, comparison of experimental data, and
numerical simulation analysis, the effectiveness of these optimization strategies is validated.
Finally, the main challenges currently faced in the research are summarized, and the future
development direction is discussed. This paper not only provides a systematic guide for
beginners but also offers new ideas and methods for further research in this field.
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1. Introduction

With the rapid development of modern electronic devices, their power density has continually
increased, leading to increasingly prominent heat dissipation problems. An efficient thermal
management system is crucial for ensuring the stability of equipment and extending its lifespan. As
a highly efficient microscale heat dissipation technology, microchannel heat sinks (MCHS) have
gained significant attention due to their high surface area-to-volume ratio, low fluid requirements,
and excellent heat transfer performance [1,2]. However, in practical applications, MCHS still face
challenges such as high flow resistance and limited heat transfer efficiency. Therefore, optimizing the
flow and heat transfer performance of MCHS to improve their heat dissipation efficiency is one of
the current research hotspots.

In recent years, researchers have explored various aspects, including microchannel structural
design, material selection, and working fluids. This study will focus on summarizing and analyzing
research on channel structural design and its impact on microchannel heat sink performance. For
example, methods such as adopting channels with different cross-sectional shapes can significantly
enhance the fluid mixing and disrupt the thermal boundary layer, thereby improving heat transfer
efficiency. Among these methods, non-rectangular and wavy channel designs are the most commonly
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used [3-10]. Additionally, fractal-inspired designs, which draw inspiration from nature, have shown
great potential in reducing pressure drop and improving thermal performance [11-15].

This study aims to explore the optimization of the flow and heat transfer performance of MCHS
in depth. By reviewing the literature and summarizing existing methodologies, the study
systematically analyzes the influence of different structural parameters and fluid characteristics on
microchannel heat sink performance. Based on this, and in conjunction with the latest research
findings, a series of innovative design strategies and optimization schemes are proposed. These
strategies aim to effectively improve the heat dissipation efficiency of MCHS without significantly
increasing flow resistance, thereby providing theoretical guidance for thermal management in high-
performance electronic devices.

2.  Basic principles of MCHS

MCHS primarily utilize two modes of heat transfer: thermal conduction and thermal convection. They
are an improvement upon the heat exchange of small tube coils and offer superior heat dissipation,
especially for applications with high heat flux densities. The device typically consists of a series of
tiny channels arranged inside the heat sink, through which the cooling fluid can directly contact the
surface that generates heat, thereby rapidly carrying away the heat.

The heat dissipation principle of MCHS mainly relies on their ability to provide a large surface
area-to-volume ratio and efficient thermal pathways [1,2]. As the cooling fluid flows through these
tiny channels, the small size effect allows the fluid to absorb heat more quickly and efficiently carry
it away. Additionally, since the fluid directly contacts the heat source surface, the process of heat
transfer through the cooling base, common in traditional heat dissipation methods, is omitted, greatly
reducing thermal resistance and improving heat dissipation efficiency.

Research on MCHS often focuses on optimizing the microchannel structure, such as adopting
multilayer microchannel configurations, gradually expanding microchannel designs, and arranging
concave and convex ribs. These designs enhance flow stability and effectively improve heat transfer
performance. For example, dual-layer MCHS, by designing different channel structures in the upper
and lower layers, can significantly enhance heat transfer efficiency and reduce bottom surface
temperatures. Furthermore, using high-performance cooling media, such as nanofluids, is another
important method to improve the heat dissipation performance of MCHS.

In addition to structural optimization and the use of high-performance coolant, the heat transfer
performance of MCHS is also influenced by external factors such as magnetic field intensity and fin
height. The inlet and outlet pressure drops increase with Reynolds number, and the increase in
pressure drop becomes more pronounced with higher magnetic field intensity. The heat transfer
performance of MCHS initially increases and then decreases as the magnetic field intensity increases.
Increasing the fin height can effectively enhance the heat transfer performance of the heat sink.
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Figure 1: Schematic diagram of liquid-cooled transistor model

3.  Latest advances in geometric optimization
3.1. Channel cross-section

In the geometric optimization of MCHS, the shape of the channel cross-section significantly impacts
heat transfer and pressure drop characteristics. Traditional MCHS typically use rectangular cross-
sectional channels. However, with advancements in technology and the increasing demand for high-
performance heat dissipation, researchers have begun exploring non-rectangular channel designs in
an effort to optimize the heat sink’s performance by altering the cross-sectional shape.

(1) Non-rectangular Channels - Non-rectangular cross-sections influence heat transfer efficiency and
pressure drop by providing different flow paths and surface areas. Research has shown that an
appropriate cross-sectional design can significantly enhance the heat sink’s thermal performance
while maintaining an acceptable level of pressure drop. However, manufacturing these non-
rectangular geometries, due to their specialized processes and technologies, increases production
complexity and cost [3-5].

Trapezoidal and triangular cross-sectional channels are two common non-traditional types used in
microchannel heat sink design. These shapes optimize the flow and heat transfer characteristics of
the heat sink by altering the channel cross-section. The trapezoidal cross-section, due to its unique
structure, increases the contact area between the fluid and the channel, thereby improving the
convective heat transfer performance. This design is particularly suitable for cooling applications
involving phase change, as it can more effectively manage the formation and movement of bubbles.
The main advantage of triangular cross-sectional channels lies in their higher surface area-to-volume
ratio, meaning that for the same volume, they provide a larger heat exchange area. This is particularly
beneficial for high-density integrated microsystems that require efficient heat dissipation.
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Figure 2: (a) Microchannel radiator geometry; (b) Cross sections and dimensions of different
microchannels [6]

(2) Curved and Wavy Channels - Compared to straight or other simple geometric channels,
sinusoidal and serpentine channels can achieve longer effective flow paths within a shorter space.
This design introduces curves and bends to promote flow mixing and boundary layer disruption, thus
increasing the heat dissipation area and facilitating more heat exchange and fluid dynamics
interactions. As a result, sinusoidal and serpentine channels not only help to improve heat transfer
efficiency but also reduce localized thermal concentration, thereby improving the uniformity of the
temperature distribution. This is particularly important for high-power-density integrated micro-
electro-mechanical Systems, as uneven temperature distribution may lead to reduced device
performance or even failure. However, these designs typically result in increased pressure drop,
requiring a balance between heat transfer enhancement and pressure drop increase [7-9].

The sinusoidal channel design promotes boundary layer disruption and fluid mixing by introducing
curves and flow detours, thereby improving heat transfer efficiency. This design is especially suitable
for applications that require low pumping power, as it can achieve higher heat dissipation efficiency
while maintaining lower pressure drops. Serpentine channels, through their winding paths, increase
the flow distance and residence time of the fluid within the heat sink, thus improving heat transfer
performance. This design is particularly effective for applications dealing with high heat flux
densities, especially in space-constrained environments.

34



Proceedings of the Sth International Conference on Materials Chemistry and Environmental Engineering
DOI: 10.54254/2755-2721/159/2025.23602

(@) a0 (b) p.ao

- — '

| RN S o e
= ‘ i ] >
iy b >3 iyl ~ ~ -
| e —Tt | (o -/
STt | ] Al L1kt w ]
o 3 0 | =
i ]
| L L ! | WAL AN ) L) W) L)
| — ] G _l L3 | AN N &S v

~ '

- = - - s -

0.60

0.30
- -

lg 0525 _| T 2 - ALL DIMENSIONS ARE IN MM

Enlarged view of - * -
microchannel cross-section

Figure 3: Schematic diagram of different curved and wavy channel structures: (a) Rectangular
serpentine; (b) U-shaped serpentine; (c) V-shaped microchannel [10]

(3) Stepped Channels - The stepped design involves sudden changes in channel size, which can
effectively reduce overall thermal resistance and uneven temperature distribution, resulting in higher
heat transfer coefficients in localized regions. This design may also introduce additional pressure
drop, so its impact needs to be carefully evaluated in practical applications. The design and
manufacture of stepped channels are also challenging, but they provide an effective way to improve
the performance of heat sinks [16-19].

As shown in Fig. 4, Leng et al. [20] proposed a DL-MCHS (truncated top channel) design, in
which the top channel is truncated to reduce the heating effect of the upper coolant on the lower
coolant, thereby lowering overall thermal resistance and reducing uneven temperature distribution on
the bottom surface, thus improving cooling efficiency. Compared to the traditional single-layer
MCHS, the counter-flow DL-MCHS demonstrates better thermal performance. However, the DL-
MCHS structure is more complex and requires more coolant to maintain the cooling system cycle.

Figure 4: DL-MCHS with truncated top channel [20]

3.2. Manifold design

Manifold design in MCHS is one of the key optimization directions, as it involves the distribution
and flow path of the fluid within the heat sink. The quality of manifold design directly affects the heat
dissipation efficiency and pressure drop of the heat sink.

35



Proceedings of the Sth International Conference on Materials Chemistry and Environmental Engineering
DOI: 10.54254/2755-2721/159/2025.23602

(1) Bifurcated Manifold - The application of bifurcated manifolds in MCHS aims to optimize fluid
distribution by mimicking the tree-like structures found in nature. This design divides the main flow
path into multiple branches, forming a layered, progressively finer flow network, thus achieving more
uniform flow distribution and more efficient heat exchange [21-23].

A significant advantage of bifurcated manifold design is its ability to reduce uneven flow
distribution. In traditional parallel channel designs, fluid tends to concentrate in paths with lower
resistance, leading to excessive flow in some channels while others receive insufficient flow, thus
affecting the overall performance of the heat sink. The bifurcated manifold, through its unique
structure, can more effectively balance the flow between channels, ensuring that each channel
participates in the heat exchange process.

However, scalability and manufacturing challenges are issues that bifurcated manifold designs
must address. As the number of branches increases, the complexity of the design and manufacturing
process also rises. Producing such complex manifold structures requires high-precision
manufacturing techniques, which may increase production costs and difficulties. Additionally, to
ensure the performance of the manifold structure, precise control over the dimensions and shapes of
the channels is required, placing higher demands on the manufacturing process.
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Figure 5: Various manifold types and flow paths [24]

(2) Fractal-Inspired Manifold - Fractal-inspired manifold design is based on the ubiquitous fractal
structures found in nature, such as the veins of leaves and the branching of rivers. These natural
structures have evolved over time to form highly efficient fluid transport and heat exchange systems.
Based on these natural models, fractal-inspired manifold design optimizes fluid flow paths through
recursively replicated branching patterns, thus improving the heat dissipation efficiency and fluid
dynamics performance of the microchannel heat sink [11-15].

Fractal-inspired manifolds show great potential in reducing pressure drop and improving thermal
performance. The fractal structure provides a larger surface-area-to-volume ratio, which means that
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more heat can be effectively transferred and dissipated within a limited space in a shorter time.
Meanwhile, the recursive branching design of the fractal manifold optimizes flow paths, effectively
reducing fluid flow resistance and thereby lowering the overall pressure drop. This is crucial for
energy conservation and reducing pumping power requirements.

(a) (b)

Figure 6: Five microchannel models: (a) Three veins; (b) Leaf veins; (c) Snowflake shape; (d) Spider
webs; (e) Honeycomb [14]

4.  Challenges and prospects

As an efficient heat dissipation solution, MCHS have promising potential in thermal management of
high-power density electronic devices. However, with the continuously increasing of power and
reduced device volume, there are great challenge and design strategies in optimizing the flow and
heat transfer performance in MCHS [25,26].

4.1. Stacked design

The stacked manifold design is a major optimization direction for the flow heat transfer performance
of MCHS [27]. However, we still face a series of challenges and opportunities. First, integrating
manifold MCHS into electronic chips and conducting thermal-electrical-mechanical coupling tests
and characterization is crucial for enhancing the cooling capabilities of high-power electronic devices.
Yet, this significantly increases the difficulty of structural design, material selection, and system
integration. In terms of structural optimization, especially the optimization of the microchannel
layers, this has become a hot research topic. However, optimization efforts must be based on
achievable technical foundations while establishing relevant optimization design guidelines.
Additionally, strengthening the fundamental research on manifold MCHS, particularly regarding the
collective dimensionless parameters of their structures and the interactions and synergistic effects
between them, is vital for advancing the field. Furthermore, research should not be limited to the
structure of the manifold microchannel itself, but should expand to the system level, developing a
comprehensive thermal management system based on practical applications. This requires a deep
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understanding of the heat dissipation needs of high-power electronic devices and their clusters, as
well as designing corresponding heat dissipation solutions. Finally, research on non-uniform heat flux
and “hotspots” may become a new focus in future manifold microchannel studies. To address this
challenge, we need to work towards obtaining the basic heat generation characteristics of real chips,
such as the relationship between peak heat flux and general heat flux, the relationship between hotspot
heat flux and background heat flux, and common hotspot areas. These studies will provide strong
support for optimizing the flow heat transfer performance of manifold MCHS.

4.2. Biomimicry

By drawing inspiration from the fine structures and mechanisms that have evolved over millions of
years in nature, biomimicry offers a fresh perspective and method for optimizing the performance of
MCHS. In current research, efforts have been made to imitate natural structures with efficient heat
transfer characteristics, such as the venation of leaves and insect wings, in designing novel
microchannel networks. These structures often have complex branching and interwoven patterns,
which maximize the heat transfer area within a limited space while promoting fluid mixing and
disturbance, significantly enhancing heat exchange efficiency [28]. Meanwhile, inspired by the
opening and closing of plant leaves and the body temperature regulation mechanisms of animals, the
development of dynamically adjustable structures also shows great research potential. These
structures can automatically adjust porosity or thermal conductivity in response to environmental
changes such as temperature and pH, thus enabling self-adaptive regulation of the microchannel heat
sink’s performance. In the future, various organisms with unique textural patterns, such as tree leaves,
spider silk, or shark skin, may be used as natural templates. By replicating their surface structures and
unique materials, (MCHS) materials with excellent heat transfer properties could be fabricated. By
mimicking nature’s fine structures and mechanisms, combined with novel high-performance
materials and innovative manufacturing processes, it is expected that breakthroughs in traditional
designs can be achieved. This will lead to the development of more efficient, intelligent, and reliable
MCHS systems to meet the demands of future technological advancements.

4.3. Self-similarity

In the field of flow heat transfer performance optimization for MCHS, research on the self-similarity
approach has also shown tremendous potential. By transforming the inlet bifurcation channel from
its original constant cross-sectional structure into a gradually narrowing ramp-like structure, we can
effectively alleviate the issue of uneven flow distribution and reduce the phenomenon of uneven heat
transfer between overflow channels [29]. This innovative design not only improves the flow heat
transfer efficiency of MCHS but also provides a more reliable and efficient solution for cooling high-
power electronic devices. Looking ahead, with the in-depth study and widespread application of self-
similarity theory, we can expect further breakthroughs in the design and optimization of MCHS.
Through continuous exploration of new structures and materials, combined with advanced
manufacturing processes, we can further enhance the performance of MCHS to meet the growing
heat dissipation demands of high-power electronic devices.

4.4. Manufacturing technology

In the future, precision manufacturing technology will be the key method for advancing the
development of microchannel heat sink structures. In current research, 3D printing technology has
been used to precisely replicate the fine structures found in nature, enabling customized design and
rapid prototyping of MCHS, which reduces development cycles and costs. For more complex
structural designs and stricter precision requirements, it is possible to utilize the multi-photon
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absorption effect to trigger photopolymerization reactions, directly constructing three-dimensional
micro-nano structures suitable for rapid prototyping of MCHS. From breakthroughs in high-precision
manufacturing technology to innovative applications in material science and advancements in design
and simulation technologies, the integrated development of these fields will propel microchannel heat
sink technology toward greater efficiency and intelligence.

5. Conclusion

In this study, we have thoroughly explored various optimization approaches in the field of flow heat
transfer performance for MCHS. Through the design and optimization of microchannel structures,
we have summarized a variety of solutions that effectively enhance the heat transfer efficiency of the
heat sink while reducing flow resistance. We have discussed improvements to the performance of
MCHS from several perspectives, including non-rectangular cross-sections, wavy channels, stepped
channels, bifurcated flow patterns, and fractal-inspired flow patterns. For example, the stepped
design, by introducing sudden changes in channel size, effectively reduces overall thermal resistance
and uneven temperature distribution, producing higher heat transfer coefficients in localized areas.
Such innovations are of significant importance for improving the heat dissipation performance of
electronic devices. Fractal-inspired flow patterns, which draw design inspiration from nature, also
show immense potential in reducing pressure drop and improving thermal performance. This study
provides valuable insights for optimizing the flow heat transfer performance of MCHS. Building on
this, we have looked ahead to future developments from the perspectives of stacked designs,
biomimicry, self-similarity, and manufacturing technologies. In summary, as the performance of
electronic devices continues to improve and their heat dissipation demands increase, research into
MCHS will become more in-depth and widespread. We believe that through continuous effort and
innovation, we will be able to develop more efficient and reliable heat dissipation solutions, providing
strong support for the advancement of electronic devices.
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