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Abstract. The microchannel heat sink (MCHS) has the advantages of small heat transfer resistance, high heat
transfer efficiencyandsmall size,whichexhibitsgoodheat transferperformance in thefieldofactiveheatdissipation
of electronic devices integrated with high heat flux density. In this paper, the application of MCHS in thermal
management is reviewed in recent years, and the research progress of microchannel topology on enhancing heat
transfer performance is summarized. Firstly, the research progress on the cross-sectional shape of themicrochannel
shows that the heat transfer area and fluid flow dead zone of the microchannel is the keys to affecting the heat
transfer performance; Secondly, the microchannel distribution and the bionic microchannel structure have a great
role in enhancing heat transfer performance, especially in microchannel temperature uniformity; Thirdly, the
disturbing effect caused by interrupted structures inmicrochannels such as ribs and concave cavities has become a
hot topic of research because it can weaken the thermal boundary layer and increase heat dissipation. Finally, the
commonly usedMCHSmaterials and coolingmedia are summarized and introduced.Basedon the above reviews of
MCHS research and applications, the future trends of MCHS topologies are presented.

Keywords: Microchannel heat sink / bionic structure / fluid interruption / thermally conductive material /
cooling fluid
1 Introduction

In recent years, with the rapid development of integrated
devices such as chips toward a high degree of miniaturiza-
tion and intelligence, especially in the field of military
applications, the heat flow per unit area generated by the
operation of integrated devices will reach an unprecedented
height. According to the International Technology Road-
map for Semiconductors (ITRS), the heat flux density of
future integrated devices will reach 1000W/cm2 [1]. The
problem of high heat flow density can reduce the
performance of the equipment, which seriously affects
the safety and reliability of the integrated equipment or
even damage it. According to statistics, for every 10 °C
increase in the operating temperature of electronic
components, the failure rate will increase exponentially,
and the system reliability will be reduced by 50%
accordingly, while 80% of chip failures are due to high
temperatures. In addition, Black’s equation [2] indicated
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that the temperature problem is the main reason for the
failure of electronic devices. The first- and second-
generation core chips use high thermal conductivity
management materials and liquid-cooled heat dissipation
combinations that can no longer meet the current heat
dissipation needs, and it is urgent to find efficient heat
dissipation and cooling technologies [3]. In the 1980 s,
Tuckerman and Pease [4] compared the heat dissipation
performance of MCHS with that of conventional finned
devices and showed that the heat sink structure in MCHS
significantly improved heat transfer efficiency. In recent
years, MCHS has been widely used in heat dissipation
applications for high heat flux integrated devices in the
fields of aviation, radar and new energy due to their small
size, good heat transfer performance and light weight.

Compared with traditional large-channel heat sinks,
MCHS has higher heat transfer efficiency because of their
larger heat transfer surface area-to-volume ratio and lower
heat transfer temperature difference. In addition, there are
many factors that affect the heat dissipation performance
of theMCHS, including the design of themicrochannel heat
sink structure, the selection of the microchannel heat sink
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material, and the characteristics of the medium fluid.When
designing a MCHS, these influencing factors need to be
comprehensively considered. The heat transfer performance
of MCHS is often limited by the difficulty and high cost of
heat sink structure fabrication, the poor thermal conductivi-
ty of heat sink materials, fluid energy loss, and large fluid
temperature gradients. In addition, the uneven temperature
distribution of the device caused by the uneven flow
distribution of the microchannel will also reduce the
equipment reliability of the integrated device [5].

In the past two or three decades since the study of
microchannel radiators, most studies have focused on solid
parallel microchannels, of which the most common is the
rectangular microchannel structure. However, in view of
the heat dissipation requirements of practical applications
in the aerospace field, the traditional rectangular parallel
microchannels have been unable to meet the thermal
management of high heat flux devices. Therefore, to
improve the heat transfer performance of the MCHS,
researchers have taken a lot of work on the structural
design of the MCHS, mainly including the design of the
special-shaped cross-sectional channels, the bionic topolo-
gy design of the MCHS and the fluid interruption structure
design. Among them, the replacement of rectangular cross-
sectional structures by triangular or trapezoidal cross-
sectional structures is the most widely used in the design of
microchannel structures with special-shaped cross-sec-
tions. The significance of the biomimetic topology design
is to improve the disturbance of the fluid in the channel and
reduce the temperature difference by learning from the
biological advantages of its own structure. In addition, high
aspect ratio microchannels with rib and cavity structures,
which increase the heat transfer area while promoting fluid
disturbance, have also become the predominant solution
for enhanced heat transfer performance. These structural
designs have been shown to be very effective in enhancing
the heat dissipation performance of microchannels. In
addition, active heat transfer mainly includes single-phase
flow heat transfer and two-phase flow heat transfer, and
boiling heat transfer is the most common one in two-phase
heat transfer. The rib and cavity structure can not only
increase the number of nucleation points of boiling bubbles
in the boiling heat transfer but also effectively prevent the
wall surface from drying due to the boiling heat transfer.

The choice ofheat sinkmaterial alsoplaysa crucial role in
enhancing the heat transfer performance of the micro-
channels. The previous heat dissipation materials for
electronic packaging have low thermal conductivity or high
thermal expansion coefficient, which cannot meet the
application requirements. Metal matrix composites have
good thermal conductivity, tunable expansion coefficient
and lowdensity,whichhavebeen thehotspot of research and
application in recent years. In addition, due to the different
specific heats of different fluid media, the ability to transfer
device heat and reduce device temperature in convective
heat transfer is different. Therefore, the selection of the fluid
medium is also extremely important for the improvement of
the heat transfer performance of the microchannel.

The summary of this review is under the trend of the era
of rapid development of high heat flux density electronic
device integration. To improve the temperature reliability
of integrated devices in aerospace andmicroelectronics, the
design and manufacture of MCHS to achieve forced
convection heat transfer and reduce device temperature
has become the focus of research into the temperature
control of integrated devices. This review analyses and
discusses the research progress in the past few years on the
design of MCHS structures to reduce the operating
temperature of high heat flow density electronic devices.
In particular, the heat transfer and fluid performance of
heat sinks under different geometrical designs including
shaped cross-sectional channel designs, topological bionic
structure designs and fluid disruption structure designs.
The article also discusses and prospects the selection of
MCHS materials and the types of fluid media in recent
years. This review has certain reference significance for the
development and application of high-performance micro-
channel heat sinks and the design of channel structures.

2 Single-phase flow microchannel structure
optimization

The geometric design of the microchannel plays a crucial
role in enhancing the heat transfer performance of the
MCHS. It can not only increase the actual heat exchange
area of the heat sink but also change the flow mode of the
fluid and improve the uniformity of the flow distribution.
The geometric structure design of the microchannel
includes the design of the special-shaped cross-section
channel, the design of the bionic topology and the structure
design of the cavity and the reinforcing rib in the channel.
Microchannel geometry design improves heat transfer
mechanisms by reducing thermal boundary layer thick-
ness, promoting fluid mixing, and enhancing fluid velocity
gradients across heated surfaces [6].

2.1 Special-shaped cross-section channel

The cross-sectional shape of the microchannel has a
significant effect on increasing the heat transfer area and
improving the flow behavior of the cooling medium, which
determines the heat transfer performance. A great deal of
research has been carried out by domestic and international
scholars on the effect of section shape on heat transfer
performance. As early as 1998, Perret et al. [7] proposed
formingmicrochannels onsilicon substratesasa forced liquid
cooling device for integrated circuits and analyzed the heat
dissipation characteristics of three cross-sectional shapes
including rectangular, rhombic and hexagonal microchan-
nels by numerical simulations and theoretical calculations.
The rectangular cross-section microchannel exhibits the
lowest heat transfer thermal resistance. Wu and Cheng [8]
usedthesamemethodto fabricate trapezoidal andtriangular
cross-section microchannels and compared the heat dissipa-
tion performance of trapezoidal silicon microchannels with
13 different surface roughness and channel geometry
parameters. It was found that the effect of section geometry
parameters on theheat transfer performance ismuch greater
than the effect of surface roughness. Therefore, the
investigation of cross-sectional geometrical parameters is
of great significance for the heat transfer performance of



Fig. 1. Different cross-sectional shapes of microchannels (a) Rectangular, trapezoidal and triangular cross-sections [10]
(b) Rectangular, trapezoidal and triangular cross-sections [11] (c) Rectangular, semicircular and trapezoidal cross-sections [12].
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channels. Chen et al. [9] etched parallel microchannels with
rectangular, triangular, and trapezoidal cross-sectional
shapes on silicon wafers and compared their required
pumping power and heat transfer efficiency with the
variation of different Reynolds numbers (Re), in which
the triangular microchannel requires the least pumping
power and has the highest thermal efficiency.Gunnasegaran
and Wang [10,11] showed that the heat transfer character-
istics of rectangular cross-sectionmicrochannels were better
than those of triangular and trapezoidal cross-section
microchannels (Figs. 1a, b), but there was no detailed
comparative analysis of the reasons for this difference.
VinothandSenthilKumar [12] investigated theheat transfer
and hydrodynamic properties of inclined fin MCHS with
different channel cross-sections (Fig. 1c). The trapezoidal
cross-section microchannel has better performance than the
square and semi-circular cross-sections, where the heat
transfer rate increases by 8.5% and 10.3% compared to the
square and semi-circular cross-sections, but the pressure
drop is the highest of the three cross-section microchannels.
Unlike previous studies, the authors have analyzed the
reasons why trapezoidal section flow channels have the
highest heat transfer capacity and themain reason for this is
that trapezoidal sectionmicroflowchannelshave thehighest
heat transfer area. In addition, the authors show that the
greatestpressuredrop intrapezoidalmicrochannels iscaused
by the increased coefficient of friction due to the character-
istics of their structure.

The following studies compare more microchannels with
different cross-sectional shapes than those described above.
Moradikazerouni et al. [13] investigated the thermal
performance of five air-cooled MCHS with different inlet
cross-sections for supercomputer cooling applications
(Fig. 2). Considering the inlet hydraulic diameter, the heat
transfer performance of triangular and straight slot shaped
microchannels is better than that of hexagonal and other
shaped microchannels, but they also have the greatest
pressure drop due to the increased coefficient of friction.
Moreover, considering the difficulty of manufacturing
triangular microchannels, a straight slot shaped channel
was chosen to achieve heat dissipation. To provide a more
comprehensive analysis of the reasons for the differences in



Fig. 2. Five different inlet cross-section shapes for microchannels [13].

Fig. 3. Eight different cross-sectional microchannel temperature distribution clouds [14].
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heat transferperformancecausedbydifferent cross-sectional
shapes. Alihosseini et al. [14] numerically simulated 15
microchannels with different cross-sectional shapes and
presented the temperature distribution clouds for eight
different cross-sectional shapes with better temperature
distribution (Fig. 3),where the circular cross-sectional shape
has fewhot spotareasanduniformtemperaturedistribution.
It can also be seen that the trapezoidal cross-section shape
has the lowest heat transfer efficiency, mainly because of the
dead zone and zero velocity point at the acute angle of the
trapezoidal cross-section, which affects the heat transfer
efficiency. Furthermore, the increase in fluid inlet velocity is
a possible reason for the lower heat transfer performance of
the trapezoidal cross-section. Based on the results of these
studies, it can be found that microchannels with different
cross-sectional shapes have greater differences in heat
transfer performance, amongwhich triangular and trapezoi-
dal cross-sectional microchannels currently exhibit the best
heat transfer characteristics, but this also depends on the
specific inletflowrate rangeandthesizeof thecross-sectional
areaof the channel.At the sametime, thebetterheat transfer
performance generally depends on the actual heat transfer
areaof the runner, but it is also affectedby theflowdeadzone
in the channel.

2.2 Bionic structured microchannels

The advantage of bionic MCHS is that they can enhance
fluid flow by taking inspiration from various animal and
plant structures found in nature, such as leaf veins, plant



Fig. 4. Various types of serpentine channel distribution (a) Traditional serpentine channels [16] (b) Symmetrically distributed
serpentine channels [17] (c) Conventional, orthogonal and diagonal arrangement serpentine channels [18] (d) Four different
distributions of serpentine channels [19] (e) Serpentine channels for CPU applications [20] (f) Combination of serpentine channel and
zigzag channels [21].
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roots and shark skin, to improve temperature uniformity
and heat transfer performance. In terms of conjugate heat
transfer, bionic optimization is often used for the design of
microchannel structures, but this optimization method is
not yet mature enough. This section provides a review and
analysis of recent research on bionic structures in micro-
channel design. The serpentine flow channel has been used
by most researchers for its simple structure and good heat
transfer characteristics. In earlier years, Hao [15] and
Al-Neama [16] successively analyzed the heat transfer and
flow characteristics of serpentine MCHS (Fig. 4a). The
heat transfer performance of the serpentinemicrochannel is
superior to that of the linear microchannel, where the
former can reduce the temperature of GaN HEMT devices
from 124.7 °C to 96.7 °C, mainly because the fluid flow at
the serpentine bend can break the thermal boundary layer
to enhance the heat transfer performance. To increase the
heat dissipation area and enhance the bending disturbance
in the serpentine channel, many researchers have improved
the design of the serpentine channel structure. For
example, Cao [17], Jaffal [18] and Imran [19] carried out
numerical and experimental analyses of the heat transfer
and hydraulic characteristics of serpentine flow channels
with different inlet and outlet locations and distribution
methods (Figs. 4b–d). The new design of the serpentine
channel changes the previous structure of single inlet and
single outlet to a two-inlet and two-outlet distribution,
which results in a more fragmented flow channel with more
curved features. In the experimental analysis, the newly
designed serpentine channel can significantly increase the
Nusselt number by 32.6%, and the smaller the heat sink
volume, the higher the heat transfer coefficient, which can
be increased by a maximum of 1.23 times. This indicates
that the fluid disturbance caused by the curved features of
the serpentine channel is the key to improving the heat
transfer performance of the heat sink. In practical cooling
applications, Gorzin et al. [20] compared the heat transfer
performance of serpentine and conventional straight
microchannels for CPU cooling requirements. The temper-
ature of the serpentine microfluidic base plate was reduced
by 11.2% compared to the linear microfluidic base plate,
which significantly reduced the CPU operating tempera-
ture (Fig. 4e). Peng et al. [21] proposed a dual-layer MCHS
structure combining serpentine microchannels and zigzag
microchannels (Fig. 4f), and its heat transfer performance
and temperature uniformity were substantially improved
compared to the conventional serpentine microchannels.

The tree-like structure includes multiple microchannel
branches. Themain fluid is dispersed into each branch fluid,
and each branch fluid is then dispersed into the next level of
branches, filling the entire MCHS step by step. These
characteristics of branching andmerging provide a reference
value for the design of MCHS. Chen and Cheng [22] and
Zhang [23] investigated the flowproperties and heat transfer
performance of double-layer tree-shaped MCHS (Fig. 5a).
The pumping power required for the tree-shaped micro-
channelsunderall studies is significantly smaller than that of
the parallel and serpentine microchannels, which effectively
reduces energy losses. In the heat transfer performance
analysis, the dendritic MCHS has a lower maximum
temperature and better temperature uniformity, resulting
in a significant improvement in temperature control.



Fig. 5. Tree-shaped microchannel structure (a) Double layer tree-shaped microchannels [23] (b) Tree-shaped microchannels for
battery heat dissipation [24] (c) New tree-shaped microchannel structure [27].
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Fan et al. [24,25] applied dendriticmicrochannels to the heat
dissipation of an electric vehiclebattery (Fig. 5b).Compared
to serpentine microchannels, the optimized tree-shaped
microchannels could reduce the surface temperature differ-
ence by 69.25%, while generating a pressure drop that was
20.87%of thepressuredrop ina serpentine channelunder the
same conditions. Shui et al. [26] carried out a study on
the flow and heat transfer performance of a bionic tree
microchannelwith aT-shapedbranching structure.The tree
structure was graded along the axial direction, which is
simpler than the microchannel structure studied above. In
numerical simulations, the tree-shaped microchannel effec-
tively promotes fluid mixing. In particular, the secondary
flows formed at the T-shaped bifurcation structure, includ-
ing impinging jets and vortices, can significantly enhance
heat transfer. Ran et al. [27] similarly constructed a novel
dendriticMCHS for the thermalmanagement of automotive
batteries (Fig.5c).Thisheatdissipationplatecancontrol the
temperature difference of the battery within a range of 1 °C,
which is smaller than theminimumtemperaturedifferenceof
1.96 °C for the cold plate studied by Fan et al. [25]. One
possible reason for this difference is that the new tree-shaped
microchannel has a rounded transition at the bifurcation,
which effectively prevents uneven temperature distribution
due to localized flow dead zones in the bifurcation. Based on
theabove studies, it is shownthat thebranchingandmerging
flow method of the tree structure distributes the fluid
medium throughout the heat source, which is the reason for
increasing the overall temperature uniformity and improv-
ing theheat transferefficiencyof themicrochannel.However,
due to the complexity of the tree-shaped structure, it is
difficult and costly to manufacture. Current research is still
based on numerical simulations.

The bionic leaf vein network microchannel has also been
the focus of researchers studying microfluidic heat sinks in
recent years due to its excellent flow properties and
heat transfer performance. The structure is similar to the
tree-shapedmicrochannelandhasthesamecharacteristicsof
branching and merging. Luo et al. [28] designed and
fabricated a bionic leaf vein network microchannel vapor
chamber for heat dissipation of optoelectronic products,
referring to the macroscopic leaf vein network structure and
the microscopic leaf flesh tissue structure (Fig. 6a). Due to
the greater permeability and capillary suction of this vein
structure, the temperatureuniformityof the cavity surface is
significantly improved. Li et al. [29] used a topology
optimization method to design two types of leaf-veins
MCHSwith theobjectivesof lowestfluidpowerconsumption
and optimal heat transfer performance, respectively, and
compared the flow performance and heat transfer perfor-
mance with the conventional serpentine microchannel
(Fig. 6b). The surface temperature of the microchannel
designed with the goal of maximum heat exchange is the
lowest, and the pressure drop of the microchannel designed
with the goal of fluid power consumption is the smallest
because its flow distribution is more reasonable. Tan et al.
[30] proposed second and third order vein-shaped micro-
channel structures based on the idea of leaf vein bionics,
which provide better heat transfer and temperature
uniformity compared to linear microchannel structures.
Under the condition that the cross-sectional area of the
microchannel remains unchanged, the number of micro-
channels at the local hot spot is improved, and asymmetric
second order and third order vein microchannels are
obtained (Fig. 6c). In general, the temperature uniformity
of the third order microchannel is better than that of the
second order, and the minimum temperature deviation is
1.8 °C. Peng et al. [31] also investigated symmetrical and
asymmetrical bionic leaf vein microchannels with different
leaf veinbranchingangles (Fig. 6d).Comparedwith the two-
stage vein network microchannels, the three-stage vein
network microchannels have larger heat transfer areas and
more uniform flow distribution. At the same time, the
smallerbranchangleof theasymmetricveinhasabetterheat



Fig. 6. Leaf vein network microchannels (a) Fractal leaf vein network structure [28] (b) Leaf-vein MCHS after topology-optimized
design [29] (c) Asymmetrical second and third order leaf vein microchannels [30] (d) Symmetrical and asymmetrical three-stage leaf
vein microchannels [31].
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transfer performance. All the above studies show that the
vein structure has a very significant effect on enhancing
the heat transfer performance of the heat sink. In addition,
theheat transfer characteristics aremainly influencedby the
branching grade and branching angle of the leaf veins, where
the heat transfer performance of third order leaf vein
microchannels is generally better than that of second order
ones. The branching level currently studied mainly stays at
thethirdorder, and it isworth investigatingwhether thevein
structure of the fourth or even higher branching level ismore
advantageous for enhancing heat transfer performance.

Spider web is a network topology with excellent
characteristics in nature, and it has a significant effect in
increasing the heat exchange area. Tan et al. [32] designed
MCHSwith four different topologies including trigonal veins,
side veins, snowflake and spider web structures to address the
problem of thermal failure in high heat flow density chips, of
which the spider web microchannel (Fig. 7a) has the best
performance,mainlybecauseof theuniformmixingoffluids in
the spider webmicrochannel, which covers the entire channel
and increases the actual heat transfer area of the channel.
Based on the study carried out by Tan et al. [32] on bionic
topology in the thermal management of single-phase flows,
Tan et al. [33] proposed and optimized a spider-webMCHS in
heat transfer experiments to improve local temperature
unevenness. Figure 7b shows the spider-web microchannels
before and after optimization. The optimized spider-web
microchannelhasa temperature standarddeviationof1.58 °C
when the heat flux density is 100W/cm2. Comparedwith the
2.23 °C of the third order bionic leaf vein microchannel
under the sameheatflux density, the temperature uniformity
is greatly improved. Considering the better effect of the
two-in-two-out flow method in enhancing heat transfer in
previous serpentine flow channel studies, Han et al. [34]
proposed a three-in-three-out spider-web microchannel
structure (Fig. 7c), which is effective in regulating flow
uniformity and enhancing fluid mixing. The heat sink of this
structure significantly improves temperature uniformity and
reduces convective thermal resistance, with a 57.35%
reduction in temperature difference compared to convention-
al spider-web shaped MCHS. The spider-web shaped micro-
channels cover a large area and have the flow bending
characteristics to dissipate heat at high heat flux densities.
However, the spider web structure is complex and difficult to
manufacture, and current research tends to use topology
optimization methods to improve the spider web structure.

The application of bionics in MCHS is not limited to
those mentioned above, and many researchers have
investigated different bionic structures. For example, Hu
et al. [35] applied a topology optimization method to design
a biomimetic bifurcated river MCHS. Compared with the
traditional linear microchannel structure, the topological
bionic bifurcation structure has the characteristics of
bifurcation and merging, and the optimized microchannel
can reduce the pressure drop by 0.6KPa and the heat
source temperature by 4 °C. Wang et al. [36] designed a
bionic rough-walled rectangular microchannel with a
hydraulic diameter of 1000mm based on a dragonfly wing
structure, as shown in Figure 8a. The heat transfer
performance of the bionic wall microfluidic structure is
superior to that of a smooth rectangular microfluidic
channel. The main reason for this is that the bionic wall
structure increases the flow velocity and enhances the
disturbance of the fluid in the flow channel, which promotes



Fig. 7. Spider-web microchannels (a) Spider-web microchannels for high heat flux density chip thermal management [32] (b) Spider-
web microchannels for phased-array antenna thermal management before and after optimization [33] (c) Three-in-three-out spider-
web microchannel structure [34].
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the generation of many vortices in the flow channel, thus
enhancing the convective heat transfer performance.
Inspired by the sharkskin bionic concept, Li et al. [37]
proposed four novel bionic MCHS for improving the flow
and heat transfer characteristics of water-cooled micro-
channels (Fig. 8b). The bionic sharkskin structure diffuses
the cooling fluid into the sidewalls, which can reduce the
thickness of the thermal boundary layer at the sidewalls
and improve the overall temperature uniformity of the
microchannel. Also, the continuous contraction and
expansion of the fluid facilitate the heat exchange between
the fluid and the wall, significantly enhancing the heat
transfer performance. Wang et al. [38] conducted an
experimental study on the heat dissipation of a wave
shaped MCHS. The greater the wave amplitude and the
shorter the wavelength, the greater the microchannel heat
transfer area, but an increase in the number of waves also
results in greater flow resistance. Therefore, it is necessary
to ensure a lower flow resistance to reduce pumping power
losses while considering the thermal performance.

2.3 Reinforced rib structure

Conventional smooth flow channel structures have poor
heat transfer performance and uneven temperature
distribution due to the thick thermal boundary layer. In
recent years, reducing the total thermal resistance by
improving the design of the microchannel structure to
enhance heat transfer has been the focus of research. The
design of the reinforcing rib structure in the channel can
not only increase the heat transfer surface area of the
microchannel but also can re-develop the thermal bound-
ary layer by interrupting the fluid flow. In particular, the
heat transfer performance is enhanced by promoting the
mixing of hot and cold fluids. Meanwhile, the reinforced rib
structure increases the pressure drop in the microchannels,
which requires higher pumping power.
2.3.1 Sidewall rib structure

Adding rib structures to microchannels not only increase
the heat transfer area but also enhance the fluid
disturbance, which plays a very effective role in enhancing
heat transfer. In addition, different rib shapes have
different degrees of improvement in heat transfer perfor-
mance. As early as ten years ago, Zhang et al. [39] found
that the heat transfer capacity of microchannels with
different rib shapes was higher than that of traditional
smooth microchannels (Fig. 9a). Meanwhile, the heat
transfer performance of the microchannels with triangular
and semicircular fins is similar and higher than that of the
microchannels with rectangular fins. Behnampour et al.
[40] studied the effect of triangular, rectangular and
trapezoidal ribs on the hydraulic and heat transfer



Fig. 8. Different bionic MCHS (a) Bionic dragonfly wings rectangular MCHS [36] (b) Bionic shark skin MCHS [37].
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characteristics (Fig. 9b). The fluid flowing through the
trailing edge of each rib can generate different sized
vortices, which can effectively weaken the thermal
boundary layer. The trapezoidal rib microchannel has
the highest Nusselt number, while the triangular rib
microchannel has the lowest inlet and outlet pressure drop.
To address the issue of balancing heat transfer capacity and
hydraulic performance in engineering, the author has
defined a thermal performance evaluation criterion (PEC)
to assess the best performance of MCHS with different ribs,
among which the triangular rib micro-runner has the
highest PEC value. The PEC is defined as:

PEC ¼
Nuave
Nu0ave

f
f0

� �1=3
ð1Þ

where Nu is the Nussle number; f is the coefficient of
friction of the channel; Nu0 is the Nussle number of smooth
rectangular microchannel; f0 is the coefficient of friction of
smooth rectangular microchannel.

Bothabove studies showthat the triangular rib structure
has better comprehensive performance for improving heat
transfer. Therefore, in the design of microchannels with
interrupted disturbance structures, triangles can be consid-
ered as the inner rib structure of the channel.

In subsequent studies, researchers have investigated
more different shapes of ribs in terms of enhanced heat
transfer properties. Rehman et al. [41,42] carried out a
numerical study of the heat transfer and hydraulic
characteristics of elliptical, trapezoidal, hydrofoil-shaped
and rectangular ribbed microchannels. The addition of
sidewall ribs improves the heat transfer performance,
among which the hydrofoil-shaped rib microchannel has
the best heat transfer performance and its pressure drop is
the lowest among all sidewall rib microchannels. The
average heat transfer coefficient can be effectively
increased by 26.3%. Then the author studies the different
geometric parameters of the hydrofoil-shaped ribs, such as
the height, width and spacing between the hydrofoils
(Fig. 9c). Numerical analysis shows that the heat transfer
performance becomes higher as the hydrofoil rib width
increases, the height increases and the spacing becomes
smaller. However, a greater number of hydrofoil ribs leads
to a continuous contraction and expansion of the fluid,
creating an obstruction to the fluid flow and resulting in an
increase in pressure drop. Chai et al. [43–45] analyzed the
heat transfer performance of fan-shaped sidewall rib
microchannels (Fig. 9d). The greater the height of the
fan-shaped ribs and the smaller the spacing between the
fan-shaped ribs, the microchannel performs better heat
transfer. The numerical analysis also found that the heat
transfer performance of the aligned fan-shaped rib micro-
channels was better than that of the offset fan-shaped rib
microchannels. The Nusselt number increases of these two
types of microchannels range from 6% to 101% and 4% to
103%, respectively, mainly because the aligned rib micro-
channels can effectively interrupt the fluid flow, while the
offset rib microchannels only can interrupt part of the fluid.
In recent years, there has also been a discussion on whether
the rib with rounded corners can improve heat transfer
performance and hydraulic performance. For example,
Derakhshanpour et al. [46] conducted a heat transfer and
hydraulic performance analysis of semicircular and semi-
elliptical rib-shaped microchannels and analyzed the effect
of fillet on heat transfer performance (Fig. 9e). Numerical
analysis shows that the semi-elliptical rib filleted micro-
channel has the best heat transfer performance, but the



Fig. 9. sidewall rib structure (a) triangular, rectangular and semi-circular sidewall ribs [39] (b) Triangular, rectangular and
trapezoidal sidewall ribs [40] (c) Hydrofoil-shaped sidewall ribs [42] (d) Aligned and offset fan-shaped sidewall ribs [43] (e) Semicircular
and semi-elliptical sidewall ribs with or without fillet [46].
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semicircular rib filleted microchannel has the highest PEC.
The addition of fillets can effectively reduce the low
velocity zone of the downstream fluid and promote the
mixing of the hot flow near the wall and the cold fluid in the
center of the channel. Based on the above studies, it is
found that the commonality of different rib shapes is that
they can interrupt the fluid flow and redevelop the
boundary layer, but the size and number of flow dead
zones existing in different ribs are different. Summarizing
the above research results, the heat transfer performance of
the ribs with the curved structure is more prominent than
others. In addition, the rib structures in the channel are
very difficult to machine, leading to a sharp increase in
manufacturing costs. As a result, current research is also
dominated by simulation.

2.3.2 Fin structure

The addition of rectangular finned ribs in MCHS will also
play a considerable role in improving heat transfer
performance. Adhikari et al. [47] conducted a numerical
study of the effect of the length parameter of rectangular
straight fins on the heat transfer performance in convection
experiments. The short rectangular straight fins can
effectively reduce the thickness of the thermal boundary
layer, and the heat transfer efficiency is significantly higher
than that of long rectangular straight fins. This is similar to
the results obtained byBenHamida andHatami [48] in their
experiments on heat dissipation of light-emitting diodes. Ali
et al. [49] innovatively conducted thermal analysis on the
inclination and spacing of rectangular fins. The addition of
rectangularfins can effectively enhancetheheat transfer rate
of the microchannels, where the best heat transfer perfor-
mance is achieved at a fin inclination of 75° and a larger fin
spacing. The main reason for the increase in heat transfer
performance is that the vortex formedat the rib canpromote
the secondary flow,which distorts the growth of the thermal
boundary layer and weakens the thermal boundary layer.
The arrangement of the above-mentioned ribs is
concentrated on a horizontal line and is relatively regular.
In more studies, Sun et al. [50] innovatively proposed a
cross-arranged ribbed microchannel. The microchannels
have three main shapes of rib structure including MCHSs
imitating Tesla valve (MCTV), mounted with sector
bump (MCSB) and diamond bump (MCDB), which were
compared with parallel straight microchannels at the
sameheat transfer area in termsof heat transferperformance
and flow properties. The heat transfer performance of
the three MCHSs with ribbed structure is better than that
of MCSC because these MCHSs can induce flow separation
and the existence of secondary flow channels promotes fluid
mixing to form vortices, resulting in periodic interruption
and development of thermal boundary layers. Among the
three ribbed MCHS, the MCSB has the best heat transfer
performance of the three structures due to the significantly
greater number of vortices generated by fluid mixing
(Fig. 10), which allows the temperature of electronic
components to be controlled within 70 °C. Different from
previous studies, Zhang et al. [51] first proposed micro-
channels containing aligned and staggered rib structures to
enhance heat transfer, as shown in Figure 11. The
introduction of ribs can significantly improve cooling
performance by disrupting and redeveloping the thermal
boundary layer.Thestaggeredribdesignalsoprovidesbetter
heat transfer performance than the aligned rib design, with
an average temperature reduction of 6.75% and an
improvement in temperature uniformity of 0.005 compared
to a straight MCHS.

Circular pin fins have also been shown to be remarkably
effective in changing the fluid state, increasing fluid
disturbance and improving heat transfer performance.
Wang et al. [52] investigated the heat transfer performance
of microchannels containing only one single pin fin under
single-phase flow. The presence of the pin fin splits the fluid
medium into two accelerated flows, and then the mixing of
the fluids promotes vortex shedding at the trailing edge of



Fig. 10. Streamline distribution of cross-arranged ribbed microchannels [50].

Fig. 11. Microchannel heat sink with ribs [51] (a) Aligned rib microchannels (b) Staggered rib microchannels.
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the pin fin (Fig. 12a). To investigate the effect of multiple
cylindrical pin fins on the overall heat transfer performance
and hydraulic performance of the microfluidic heat sink,
Vasilev et al. [53] analyzed the heat transfer performance of
the MCHS with multiple parallel arranged cylindrical pin
fins (Fig. 12b). The addition of the pin fins increases the
heat transfer area. At the same time, the vortex formed by
the fluid medium at the trailing edge of the pin fins
increases the disturbance and promotes heat dissipation.
The maximumNussle number increment of the heat sink in
this microchannel is four times that of a smooth micro-
channel. However, the reduction in flow cross-section also
increases pressure drop, so the overall performance is often
assessed using PEC. Lyu et al. [54] designed a novel circular
bionic pin-fin heat sink based on the phylogenetic theory of
biology. The bionic configuration of the pin-fin has better
uniformity and complementarity, and the airflow channel
is more reasonable, which can reduce the surface
temperature of the thermal block by 14.7%. Yan et al.
[55] found that narrow microchannels embedded with
cylindrical pin fins can significantly enhance the heat
transfer capability of the chip, and its ability to improve
temperature uniformity was measured by multiple hot
spots. The diameter of the circular pin fins is distributed in
a gradient along the runner, which significantly enhances
the local heat dissipation of the chip and improves the
temperature uniformity on the chip surface (Fig. 12c). The
diameter of the circular pin fins is distributed in a gradient
along the channel, which significantly enhances the local
heat dissipation of the chip and improves the temperature
uniformity on the chip surface. Pan et al. [56] proposed a
cylindrical pin-fin manifold MCHS (Fig. 12d). The fluid
flows from top to bottom and is separated by multiple
partitions, which is rare in previous studies. Under the



Fig. 12. Cylindrical pin fin construction (a) x-z plane velocity vector cloud of the microchannel with single cylindrical pin fin [52]
(b) Plurality of horizontally parallel arranged cylindrical pin fin structures [53] (c) Variable diameter cylindrical pin fins [55]
(d) Cylindrical pin-fin manifold MCHS [56].
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same mass flow rate, the cylindrical pin-fin MCHS
structure has a better heat transfer performance than
the rectangular MCHS structure, mainly because the
disturbance effect caused by the pin fins contributes to the
enhanced heat transfer. All above studies on cylindrical pin
fins have demonstrated that cylindrical pin fin structures
can significantly enhance heat dissipation. However, due to
the difficulties of manufacturing, the basic research is based
on simulation.

The addition of cylindrical pinned fin structures can
effectively improve the heat transfer performance of
microfluidic heat sinks, but Sreehari and Prajapati [57]
et al. have proposed a rhombic shaped column fin structure
to compare the heat transfer performance and hydraulic
performance with the cylindrical fin structure. The
maximum Nusselt number of rhombic fins is 40% higher
than that of circular fins. The net effective heat transfer
area of the rhombic structure is higher than that of the
cylindrical structure, and the larger heat transfer area
promotes stronger heat dissipation. Further, the vortex
created by the trailing edge section of the rhombic
structure promotes better coolant exchange in the flow
channel and weakens the development of the thermal
boundary layer. However, the presence of sharp edges in
the rhombic structure forces the fluid to become disturbed,
which produces a higher pressure drop than in the
cylindrical structure. Jia et al. [58] investigated the heat
transfer and fluid flow characteristics of tapered fin
microchannels with different fin arrangements (Fig. 13).
Numerical analysis showed that the arrangement with
tapered fins distributed throughout the microchannel has
the best heat transfer performance and the best tempera-
ture uniformity, which is due to the larger heat dissipation
area of the microchannel in this arrangement and the more
intense flow separation and mixing.
2.3.3 Rib structure varying in height direction

The rib structures described above mainly focus on the
changes in the two-dimensional plane, but fewer studies
have been carried out on the improvement of heat transfer
performance and hydraulic properties by varying the rib
shape in the height direction. Zheng et al. [59] proposed a
hierarchical MCHS, which mainly includes three different
hierarchical pin fins (Fig. 14), labeled as U-type, M-type
andD-type pinfins, and comparedwith traditionalT-type
pin fins. The U-shaped pin-fin structure MCHS shows the
best heat transfer performance among the four structures
due to its largest top size, which increases the flow rate at
the heat source and reduces the conduction heat resis-
tance. Wang et al. [60] designed a bidirectional ribbed
(BR) MCHS by combining vertical ribs (VR) and
spreading ribs (SR) (Fig. 15), and the heat transfer and
hydraulic analysis of the MCHS were carried out for all
three rib structures. BR microchannels can promote the
generation of more circulating flow, which can create a
wider range of hot and cold fluid impingement andmixing,
effectively interrupting the development of the thermal
boundary layer. Further, the addition of BR forms a larger
heat dissipation area. It can be seen from the above two



Fig. 13. Tapered fin structure in different arrangements [58] (a) Upstream layout (b) Intermediate layout (c) Downstream layout
(d) Distributed throughout the microchannel.

Fig. 14. Schematic diagram ofmicrochannel heat sinking [59] (a) Overall structure of heat sink with staggeredmicro pin fins (b) Three
different hierarchical micro pin fins (c) Cross-sectional view of MCHS.
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studies that the larger size of the top ribs can not only
increase the flow velocity of the fluid at the heat source but
also lead to more severe disturbance. This design can
significantly enhance the heat transfer, which is different
from the traditional rib structure with the same structure
in the height direction.

2.4 Concave cavity structure

In recent years, the research on the concave cavity in the
microchannel mainly focuses on the effect of different
cavity structures on the heat transfer performance and the
application of the combination of the concave cavity and
bionics in the microchannel. The function of the cavity
structure is similar to that of the rib structure, which
increases the heat transfer area while promoting fluid
disturbance and enhancing heat transfer.
2.4.1 Different concave cavity structures on the walls

The original design purpose of the cavity structure is to
increase the heat dissipation area of theMCHS, but most of
the traditional cavity structures used to increase the heat
transfer area usually exist in the design of rectangular
parallel microchannels. The concave cavity structures
currently studied are also used in bionics. For example,
Chen et al. [61] proposed a serpentine concave cavity
microchannel (Fig. 16). The serpentine concave micro-
channel not only has a larger heat dissipation area but also
can effectively disturb the development of the thermal
boundary layer and promote the mixing of fluids.

Further, the research on the cavity structure MCHS
mainly focusedontheeffectof thecavity to interrupt thefluid
and enhance the heat transfer. For example, Chai et al. [62]
conducted heat transfer studies on MCHS with an offset



Fig. 15. MCHS with BR [60].
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fan-shaped concave cavity structure (Fig. 17a) and showed
that the offset fan structure improved the heat transfer
performancewithin an acceptable pressure drop. In the same
year,Xiaetal. [63] investigatedtheheattransferperformance
of triangular concave cavity MCHS with the same flow
channel dimensions (Fig. 17b). The results show that the
vorticeswithin the triangular concave cavity greatly enhance
themixing of convective fluids, which interrupts the thermal
and hydraulic boundary layer developing along the channel
and enhances the heat transfer in the constant cross-section.
However, the two studies mentioned above were not
compared with each other to analyze the advantages and
disadvantages.Li et al. [64] also investigatedtheheat transfer
characteristics of triangular concave cavities and reached
similar conclusions (Fig. 17c), but different fromtheprevious
studies, the fluid medium in this study used nanofluids.
Kumar [65] compared the Nusselt number and Poiseuille
number of arc-shaped grooved microchannels under four
different distributions (Fig. 17d). The addition of the arc
groove can increase theNusselt number byup to 119%, but it
also leads to an increase in the Poiseuille number, which
indicates a significant increase in pressure drop. In addition,
studies have shown that the smaller the depth of the arc
groove, the better the heat transfer efficiency, especially at
low Re. Xia et al. [66] designed MCHS with a smooth
rectangular structure, offset fan-shaped cavity structure and
offset triangularcavity structure, respectively (Fig.17e).The
offset fanandoffset triangular concavecavitystructureshave
a large heat transfer area compared to the rectangular
structures. In addition, the jet and throttle effects caused by
regularflowexpansionandcontractionatthe innerwallof the
flow channel can promote secondary flow and mixing
disturbances, contributing to the interruption and redevel-
opment of the flowboundary layer.Under the heatflux input
of 200W/cm2, the maximum temperature can be controlled
below 326K. All the above studies have shown that the
triangular concave cavity has significant advantages for
improving heat transfer. Subsequently, Zhu et al. [67] carried
outamoredetailedcomparativeanalysis offlowheat transfer
forMCHSwith triangular grooves and other shaped sidewall
grooves in theRe range of 190–610 (Fig. 17f). The addition of
grooves can cause the generation of vortices, which can
promote the mixing of hot and cold fluids and enhance heat
exchange. Among them, the triangular grooved micro-
channel has the highest Nusselt number. In addition, the
concave cavity promotes the transition of the fluid to the
rolling flow mode, which can effectively reduce the pressure
drop. The triangular grooved microchannel has the highest
synergy degree of velocity field and temperature field,
indicating its highest comprehensive performance. Similar
results are found in the numerical simulation of conventional
rectangular, trapezoidal, fan-shaped, and rectangular con-
cave cavity MCHS by Pan et al. [68].

Based on the results of Pan et al. [68], Pan et al. [69]
further analyzed the heat transfer performance of MCHS
with different deviations and distribution methods for fan-
shaped concave cavities (FSCs) in the Re range of 12.20–
123.31. There exists an optimum deviation of FSCs to
optimize heat transfer performance, which is largely
dependent on the effect of fluid disruption and disturbance.
Meanwhile, FSCs have the best heat transfer performance in
the case of dense distribution in the front and sparse
distribution in the back (Fig. 17g). Bi et al. [70] performed
numerical simulations of convection cooling heat transfer in
the larger Re range of 2700–6100 for MCHS with dimples,
cylindrical grooves and low fins (Fig. 17h). To comprehen-
sively compare the heat transfer performance and pressure
drop loss between theMCHS, the study defined the PEC for
evaluation. The results show that themagnitude of Re has a
significant effect on thePECvalue of themicrochannelswith
dimples. When Re< 3323, the PEC value of the cylindrical
grooved MCHS is the largest, but when Re increases, the
PEC value of the grooved MCHS exceeds that of the
cylindrical groovedMCHS. Based on the above studies, it is



Fig. 16. Serpentine concave MCHS [61].
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shown that the addition of grooves mainly promotes the
secondary flow of the fluid and enhances themixing between
hot and cold fluids through throttling and jet effects. Among
them, the triangular cavity structure and the fan-shaped
cavity show the best heat dissipation trend among all cavity
structures. However, the cavity structure is difficult to
manufacture, and the cost is high. Microchannels with
concave cavities have small dimensions and complex
structures. Traditional machining methods of turning,
milling and drillingmake it difficult tomanufacture complex
concave cavity structures,which can easily causeblockage of
themicrochannels and reduce the heat transfer performance
of the channels. At present, most of the related research is
mainly based on simulation.

The above research results all prove that the addition of
grooves can reduce the pressure drop loss of MCHS, but
this also depends on the shape of the grooves and the
magnitude of the Reynolds number, that is, whether the
fluid is laminar or turbulent. In the study by Zontul et al.
[71] on the flow and heat transfer properties of rectangular
grooves at the upper and lower walls in MCHS. The
rectangular grooves can indeed enhance the heat transfer
but also increase the pressure drop to a certain extent, the
possible reason is that the study was carried out in the Re
range of 2� 103∼6.5� 103, and the fluid state was
turbulent. This is somewhat different from the magnitude
of the Re value obtained by Zhu and Pan [67,68] under the
conclusion that rectangular grooves improve pressure drop.
2.4.2 Bionic concave cavity structure

The addition of concave cavity structures in the micro-
channel has been proven to be very effective in improving
heat transfer performance. To enhance the heat transfer
performance, the combination of concave cavity struc-
tures with bionic flow channels has also been designed and
analyzed by researchers in recent years. Liu et al. [72]
investigated the laminar heat transfer characteristics of
the serpentine microchannel by adding fan-shaped
concave cavity structures to the microchannel at Re
150–980 (Fig. 18a) and compared the hydraulic character-
istics with those of conventional MCHSs. The addition of
fan-shaped concave cavities in the serpentine channel not
only increases the heat transfer area but also forces the
flow to develop jet flows and throttle flows and forms
Dean’s vortices. This phenomenon effectively inhibits the
development of the thermal boundary layer. Shui et al. [73]
investigated the addition of concave cavity structures to
dendritic branching microchannels to enhance heat
transfer (Fig. 18b). The function of the cavity is to ensure
flow separation when the fluid passes through the cavity,
which can disturb the fluid flow at the wall andweaken the
development of the thermal boundary layer. In addition,
the effect of dendritic branching is reflected in the higher-
level branched flow channels. Due to the reduced diameter
of the flow channel, the intensity of the disturbance in the
secondary flow can be enhanced, and the heat exchange



Fig. 17. Different concave cavity structures on the walls (a) Offset fan-shaped concave cavity structure [62] (b) Triangular concave
cavity [63] (c) Triangular concave cavity [64] (d) Arc-shaped grooved microchannels [65] (e) Offset fan-shaped cavity structure and
offset triangular cavity structure [66] (f) Five different sidewall concave cavity structures [67] (g) Fan-shaped concave cavities with
different distribution methods [69] (h) Dimple-shaped, cylindrical grooved and low finned structure [70].
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can be further promoted. A similar study was also carried
out byHuang et al. [74] for the numerical simulation of the
heat transfer and hydraulic performance of dendritic
microchannel with rib and concave cavity structures,
respectively (Fig. 18c). The dendritic branching structure
creates a branching effect and ensures that the fluid flows
at a uniform rate in each branch flow channel. Both the
concave cavity and the rib structure can cause the
interruption and regeneration of the fluid. The concave
cavity mixes the hot fluid near the wall with the cold fluid
in the center of the channel, while the introduction of ribs
promotes the creation of vortices near the ribs and
enhances heat transfer performance. Overall, the heat
transfer performance of the dendritic microchannel with
rib structure is higher than that of the dendritic micro-
channel with a cavity structure, but the pressure drop loss
caused by the rib is significantly higher than that of the
cavity. Therefore, the comprehensive evaluation of heat
transfer performanceandpressuredrop loss shows that the
tree microfluidic channel with a concave cavity structure
has a greater PEC value and offers the best overall
performance.
2.5 Hybrid microchannels with reinforced ribs
and concave cavities

Adding a structure with the coexistence of ribs and cavities
in the microchannel is another method applied to enhance
heat transfer. Meanwhile, microchannels with cavity
and rib structures have greater advantages in increasing
heat transfer area, enhancing fluid disturbance, and
improving pressure drop. Yao et al. [75] proposed a MCHS
with triangular cavities and ribs to enhance heat transfer
performance (Fig. 19a). The combination of the cavity and
rib structure effectively prevents the reduction of the
Nussle number along the flow direction, which reduces the
temperature difference of the optimized MCHS by 9K. Li
et al. [76] proposed four types of MCHS with both cavities
and different shaped fins (Fig. 19b). The fins can separate
the fluid and enhance the secondary flow strength. At
the same time, the cavity can also promote the fluid to
take heat away from the solid wall and mix with the cold
fluid to enhance heat exchange. Compared to conventional
rectangular microchannels, the new microchannels can
reduce the thermal resistance by up to 35.3%. However,



Fig. 18. Bionic concave structured microchannel (a) Serpentine microchannels with fan-shaped concave cavities structure [72]
(b) Dendritic branching microchannels with concave cavities structure [73] (c) Dendritic bifurcated microchannels with concave
cavities or ribbed structures [74].

Fig. 19. Microchannels with cavity and rib structures (a) Microchannel with triangular cavity and rib structures [75] (b) MCHS with
cavities and different shaped fins [76].
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cavities and fins also result in a significant increase in
pressure drop. Therefore, the MCHS with isosceles
triangular cavities and forward drop-shaped fins shows
the best overall performance after a comprehensive
analysis of the relationship between thermal resistance
and pumping power.
The hybrid structure of cylindrical pin fins and concave
cavities has also been shown to have a significant effect on
improving heat transfer performance. Feng et al. [77]
combined cavities and cylindrical pin fins in the micro-
channels and compared the heat transfer and hydrody-
namic characteristics with conventional smooth linear



Fig. 20. Microchannel with cavities and ribs (a) Double
cylindrical fin concave cavity microchannel [77] (b) Pin fin-
interconnected concave cavity microchannel [78].
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microchannels andmicrochannelswith only concave cavities
(Fig. 20a). The heat transfer performance of theMCHSwith
concave cavities and cylindrical pin fins is significantly
higher than that of the smooth straight and concave cavity
microchannels,which ismainlyduetothe inclusionofpinfins
thatnot only increase theheat transfer areabut alsopromote
fluid disturbance in the channels. In particular, the double
cylindrical fin microchannel exhibits higher heat transfer
performance and better temperature uniformity control due
to the larger heat transfer area and more intense flow
disturbance which improves the lack of fluid disturbance
causedbythe singlecylindricalfin.Dengetal. [78]proposeda
Pin fin-interconnected reentrant microchannel (PFIRM)
which combines the structural design of rhombic fin pin fins
and concave cavities (Fig. 20b). And its heat transfer and
hydraulic characteristics were investigated. The design of
the concave cavity provides more space for bubble
nucleation, while the diamond-shaped micro-pin fin can
divide the slug into twoparts due to its protruding tip,which
effectively prevents the binding of large bubbles and the
creation of long slugs and reduces the bubble confinement
effect of microchannels.
3 Geometric design of microchannels
in boiling heat transfer
In the boiling heat transfer, the special-shaped cross-
section design and the bionic structure design are also used
in the structure design of the two-phase microchannel.
Walunj and Sathyabhama [79] fabricated rectangular,
parabolic and stepped shaped cross-section microchannels
on circular copper specimens of 10mm diameter and
compared the effect of flow channel geometry on boiling
heat transfer performance (Fig. 21a). The results showed
that the heat transfer efficiency of the parabolic and
stepped microchannels are increased by 88% and 169%
compared to the rectangular microchannels at 11.7 °C wall
superheat conditions. This is mainly because the top width
of both microchannels is wider than that of the rectangular
channel, which is suitable for the growth of bubbles. Li
et al. [80] designed a biomimetic microchannel flat heat
pipe with a rectangular structured surface based on the
strong water-collection and water-transfer capabilities of
the Nepenthes surface for use in a fuel cell plate
temperature control device (Fig. 21b). The microchannels
with rectangular structured surfaces have strong hydraulic
transport capacity and the small channel design increases
the heat transfer area and circulation efficiency. Compared
to conventional flat heat pipes, the thermal resistance is
reduced by 22% and the thermal conductivity is increased
by more than 40%, which can keep the surface temperature
of the fuel cell below 52 °C.

In the boiling heat transfer experiment, the addition of
pin-fin fins also has a significant effect on improving the
boiling heat transfer coefficient. Deng et al. [81] investi-
gated the enhancement of boiling heat transfer in micro
cone pin fins microchannels (Fig. 22a). Compared with the
traditional smooth rectangular microchannel, the micro
cone pin fins can provide more stable bubble nucleation
sites for the microchannel. In general, the structure
significantly increases the capillary effect and keeps the
walls permanently wetted, which reduces the occurrence of
localized drying and increases the critical heat flux. When
the fluid medium is water, the microchannel can enhance
heat transfer performance by 10–104%. Similar conclusions
were also obtained in the two-phase flow experiments of
microchannels with micro cylindrical fins studied by Zhu
et al. [82], and the micro-column structure can improve the
heat transfer effect by 57%. Therefore, adding ribs in the
microchannel also provides an effective choice for the heat
exchange of the two-phase MCHS. In addition, the
different fin shapes have an important influence on the
heat transfer characteristics and the hydraulic properties of
the microchannels. Wan et al. [83] investigated the flow
boiling heat transfer characteristics of MCHS with four
different micro pin fin shapes including square, circular,
diamond and streamlined fins (Fig. 22b). Since the square
surface structure is more conducive to the growth of
bubbles and the four vertical sides of the fin can effectively
inhibit the continuous development of vapor cores and
ensure the long-term wetting of the fin wall, the square fin
structure can effectively improve the heat transfer
performance of the MCHS. Combined with the current



Fig. 21. Microchannels with different cross-sectional shapes (a) Rectangular, parabolic and stepped shaped cross-section
microchannels [79] (b) Microchannels imitating the surface structure of Nepenthes [80].

Fig. 22. SEM image of MCHS with pin fins (a) Pin fins on the bottom surface [81] (b) Different pin fin shapes [83].
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application of two-phase heat transfer in engineering
thermal design, the different fin shapes proposed in this
study have important guiding significance for the struc-
tural design of flow boiling heat dissipation experiments.

The concave cavity structure in the microchannel also
provides good heat transfer enhancement in two-phase
boiling heat transfer, which not only increases the capillary
effect force in the flow channel but also effectively avoids
local drying in the flow channel. Deng et al. [84]
investigated the role of porous structures with concave
cavities in pool boiling cooling experiments (Fig. 23a). The
concave cavity structure can effectively increase the heat
transfer area and bubble nucleation density. In addition,
the concave cavity can provide a horizontal flow channel
for the inflow of the liquid in the boiling experiment, which
can effectively prevent the drying of the heat transfer
surface and reduce the generation of critical heat flux, with
a maximum reduction of 12 °C in surface superheat. Sun
et al. [85] showed that the microchannel with concave
cavities on the surface has a higher heat transfer coefficient
than the smooth copper sheet (Fig. 23b), mainly because
the combination of the concave cavities and the micro-
grooves can increase the capillary force and ensure
sufficient fluid replenishment even at high heat flux. At
the same time, the cavity structure can also effectively
prevent the vapor slugs caused by the binding of bubbles,
thus preventing the rapid rise of the wall temperature
caused by the separation of the liquid medium from the
heating surface. This was similarly concluded in the studies
of Zeng and Chen [86,87].

4 MCHS materials and cooling fluid

The structural optimization of the MCHS has a good effect
on the improvement of heat transfer performance, but it
also inevitably leads to the complication of the processing
and the increase in cost. Therefore, the use of high thermal
conductivity materials and fluid media is another practical
and effective way to solve the problem of high temperature
of the devices in recent years. Table 1 summarizes the
process methods, solid materials and fluid media used by
the above researchers to fabricate the enhanced MCHS.
4.1 MCHS materials

Most of the heat sinkmaterials in Table 1 are singlematerials
whose thermalconductivitycannot fully satisfy the increasing
heat flux of electronic devices. Further, composite materials
have a higher thermal conductivity than single materials and
their lower thermal expansion coefficient can prevent the
thermal deformation of the MCHS. Table 2 summarizes the
performance indicators of common single materials, alloy
materials and diamond/copper composite materials.



Fig. 23. SEM image of microchannel (a) Porous microchannels with concave cavity structure [84] (b) Microchannels with concave
cavities and microgrooves [85].
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Diamond/coppermatrix compositematerial has been the
most studied in recent years, mainly because it combines the
excellent thermal conductivity of diamond and the high
working temperature of the copper matrix. The thermal
conductivity is three to four times higher than that of
conventional thermally conductive materials. Meanwhile,
The compositematerial has a low coefficient of expansion and
density that are suitable for integrated devices at the same
time,which is one of thebest newheat sinkmaterials [88].Che
and Zhao [89,90] prepared diamond/copper composites by
spark plasma sintering (SPS). The results show that the
thermal conductivityof the twocomposites is630W ·m�1k�1

and613W ·m�1k�1whenthediamondfraction is50vol%and
60 vol%, respectively. Bai et al. [91] prepared Cu-B/diamond
composites with a diamond volume fraction of 67 vol%by gas
pressure infiltration and studied their high temperature
thermal conductivity and thermal expansion coefficient.
Finally, the Cu-0.5wt%B/diamond composite was found to
have thehighest thermal conductivity of 722W ·m�1 k�1.Wu
etal. [92]preparedhighly thermallyconductivecoppermatrix
diamond composites by electrodeposition and introduced two
additives (DVF-BandDVF-C) for thefirst time to synthesize
diamond/copper composites. The effect of the additives
promoted a good bonding at the diamond/Cu interface.
Finally, diamond/copper composites with a tightly
bonded interface and an optimum thermal conductivity of
617.87 W ·m�1 k�1 were successfully synthesized. However,
few researchers have fabricated diamond/copper matrix
composites intopracticalMCHS.Therefore,diamond/copper
composites will be the first choice for fabricating MCHS in
subsequent heat dissipation studies.

4.2 Cooling fluid

At present, the most used coolants are water and ethanol.
From Table 1, it can be found that the nanofluid as the
cooling medium of the MCHS also appeared in the heat
exchange experiment. Compared with cooling media such
as water and ethanol, nanofluids have higher thermal
conductivity, and their nano-sized particles will not cause
blockage of the MCHS. However, the presence of particles
inevitably results in a certain pressure drop loss.
Considering its advantage in improving heat transfer
performance, the impact of pressure drop losses is less
pronounced. Therefore, nanofluids have broad application
prospects in the field of enhancing heat transfer, which is
conducive to the development of MCHS toward miniaturi-
zation. Li et al. [93] conducted an experimental analysis of
the effect of 0.1–0.5 vol% Al2O3-nanofluids on the heat
transfer performance of microchannels. Compared with
deionized water, the nanofluid significantly enhanced the
heat transfer performance, and its Nusselt number was
1.12–1.66 times that of deionized water, but the flow
resistance was 1.02–1.80 times that of deionized water. In
terms of comprehensive performance, nanofluids have a
higher PEC value. Wang et al. [94] found that there is an
optimum diameter and an optimum volume fraction of
nanoparticles to optimize the overall performance of
microchannels in convective heat transfer experiments
where the medium is a nanofluid. Ali et al. [95] also applied
nanofluids to microchannel heat transfer experiments. The
results demonstrated that the use of nanofluids instead of
conventional coolants significantly improved the overall
heat transfer performance of MCHS.

4.3 Manufacturing requirements and challenges

The difficulties in achieving the fabrication of micro- and
nano-scale structures in microchannels present a serious
challenge for enhanced MCHS. In recent years, micro-
channels are often manufactured by etching techniques,
micromachining, sintering, 3D printing techniques, laser
processing techniques, micro discharge processing and
vapor phase deposition. Among all the methods, it can be
mainly categorized as additive and subtractive materials
methods. Etching techniques include wet etching and dry



Table 1. Summary of process methods, solid materials and fluid media used in MCHS.

References Heat transfer
method

Microchannel
material

Processing
methods

Type of coolant Years

Perret et al. [7] Passive Copper Wet chemical
etching

Water 1998

Wu and Cheng [8] Passive Silicon Wet etching Deionized water 2003
Chen et al. [9] Passive Silicon Etch Deionized water 2009
Gunnasegaran
et al. [10]

Passive Aluminum – Water 2010

Wang et al. [11] Passive Oxygen-free
copper

– Deionized water 2016

Vinoth and Senthil
Kumar [12]

Passive Copper Wire cut electrical
discharge
machining

Water and Al2O3/
water nanofluid

2017

Moradikazerouni
et al. [13]

Passive aluminum,
alumina
(92%),
cobalt,
stainless
steel, copper,
and silver

– Air 2019

Alihosseini et al.
[14]

Passive Copper – Water 2021

Hao et al. [15] Passive 6061
aluminum

– Water 2014

Al-Neama et al.
[16]

Passive Copper CNC Water 2018

Cao et al. [17] Passive Copper EDM Water 2020
Jaffal et al. [18] Passive Copper CNC Water 2021
Imran et al. [19] Passive Copper – Water 2018
Gorzin et al. [20] Passive Aluminum

alloy
CNC Water 2022

Peng et al. [21] Passive Copper Wire cutting Deionized water 2021
Chen and Cheng
[22]

Passive Silicon Etch Deionized water 2005

Zhang et al. [23] Passive – – Water 2011
Fan et al. [25] Passive Aluminum Water 2022
Shui et al. [26] Passive Copper Micro-milling Steam/air 2018
Ran et al. [27] Passive Aluminum – Water 2022
Luo et al. [28] Passive Copper Laser engraving

and mould coining
Deionized water 2020

Li et al. [29] Passive Aluminum CNC Deionized water 2019
Peng et al. [31] Passive Copper – Water 2021
Tan et al. [32] Passive 6063

aluminum
3D printing
technique

Water 2019

Tan et al. [33] Passive 6063
aluminum
alloy

3D printing
technique

HFE7200 2021

Han et al. [34] Passive Aluminum 3D printing
technique

Water 2021

Hu et al. [35] Passive Silicon Etch Deionized water 2019
Wang et al. [36] Passive Aluminum – Water 2021
Li et al. [37] Passive – – Water 2020
Wang et al. [38] Passive Copper CNC Deionized water 2019
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Table 1. (continued).

References Heat transfer
method

Microchannel
material

Processing
methods

Type of coolant Years

Zhang et al. [39] Passive – – Liquid ammonia 2010
Behnampour et al.
[40]

Passive – – Nanofluid 2017

Rehman et al. [41] Passive Copper – Water 2019
Rehman et al. [42] Passive Copper – Nanofluid 2020
Chai et al. [43–45] Passive Silicon – Water 2016
Derakhshanpour
et al. [46]

Passive Silicon – Water 2020

Adhikari et al. [47] Passive anodized
Aluminum
6063 �T5
alloy

– Air 2020

Ben Hamida and
Hatami [48]

Passive Aluminum – Al2O3/water
nanofluid

2021

Ali et al. [49] Passive – – Water 2020
Sun et al. [50] Passive Copper – Water 2022
Zhang et al. [51] Passive Aluminum CNC Water 2022
Wang et al. [52] Passive Silicon Etch HFE-7000 2018
Vasilev et al. [53] Passive Copper – Water 2021
Lyu et al. [54] Passive Copper Sinter Air 2020
Yan et al. [55] Passive Silicon – HFE7100 2022
Pan et al. [56] Passive Silicon – HFE7100 2022
Sreehari and
Prajapati [57]

Passive Copper – Water and nanofluid 2021

Jia et al. [58] Passive Silicon – Deionized water 2018
Zheng et al. [59] Passive Copper UV-LGA Deionized water 2022
Wang et al. [60] Passive Silicon inductively

coupled plasma
reactive ion
etching

Deionized water 2019

Chen et al. [61] Passive Copper Micro-milling Water 2022
Chai et al. [62] Passive Silicon – Water 2011
Xia et al. [63] Passive Silicon – Water 2011
Li et al. [64] Passive Silicon – Al2O3-water

nanofluid
2019

Kumar and Kumar
[65]

Passive – – Water 2021

Xia et al. [66] Passive Silicon – Deionized water 2015
Zhu et al. [67] Passive Silicon – Deionized water 2020
Pan et al. [68] Passive Copper – Water 2019
Pan et al. [69] Passive Copper Micro-milling Deionized water 2019
Bi et al. [70] Passive – – Water 2013
Zontul et al. [71] Passive 6061

aluminum
– Water 2021

Liu et al. [72] Passive – – Water 2019
Shui et al. [73] Passive Copper Micro-milling Air 2018
Huang et al. [74] Passive Copper – Water 2020
Yao et al. [75] Passive Silicon – Water 2021
Li et al. [76] Passive Silicon – Deionized water 2020
Feng et al. [77] Passive Silicon – Water 2021
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Table 1. (continued).

References Heat transfer
method

Microchannel
material

Processing
methods

Type of coolant Years

Deng et al. [78] Passive Copper Micro-milling Deionized water and
ethanol

2019

Walunj and
Sathyabhama [79]

Passive Copper Wire edm Deionized water 2018

Li et al. [80] Passive Copper Laser etching Deionized water 2022
Deng et al. [81] Passive cooper

(99.9% Cu)
micro wire
electrical discharge
machining

Deionized water and
ethanol

2017

Zhu et al. [82] Passive Silicon Etch Degassed and high
purity water

2016

Wan et al. [83] Passive Copper Laser micro-
milling

Deionized water 2017

Deng et al. [84] Passive Copper solid-state
sintering

water and ethanol 2016

Sun et al. [85] Passive Pure copper orthogonal
Ploughing/
Extrusion (P/E)

Deionized water 2017

Zeng et al. [86] Passive Copper orthogonal
Ploughing/
Extrusion

Deionized water 2017

Chen et al. [87] Passive Copper Orthogonal
Ploughing/
Extrusion

Deionized water 2020

Table 2. Summary of performance indicators for common thermal conductive materials.

Material Coefficient of thermal
expansion (10�6K�1)

Coefficient of thermal
conductivity (Wm�1 K�1)

Density (g cm�3)

Cu 17.2 400 8.92
Al 23.6 238 2.70
Si 4.2 151 2.30
Al/Si 7–17 75–180 2.4–2.5
Cu/W 6.5–8.5 140–210 15.65–17.0
CuMo 6.5–8.5 150–200 9.7–10.0
Al2O3 6.7 17 3.60
BeO 7.6 250 2.90
SiC/Al 7.3 175 3.03
SiC/Cu 7–11 280–360 7–9
Diamond/Al 7–9 350–750 3.0
Diamond/Cu 4–8 400–930 5.0
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etching, which can manufacture more complex micro-
channel structures including some flow distribution
structures. However, etching techniques are time consum-
ing and often associated with toxic chemical solutions,
which should also be considered when preparing micro-
channels. Micromachining can machine metal materials
such as steel, aluminum and copper. This method does not
require expensive equipment or machining technology.
However, the preparation of microchannels is prone to
cutting burrs and tool wear, reducing the quality of the cut.
The sintering technique is commonly used to prepare porous
media for microchannel boiling heat transfer. The method
has low production costs and is expected to be used for
industrial applications. 3Dprinting is one of themost typical
additive manufacturing technologies. In the preparation of
microchannels, material losses can be reduced, and the
process is simple. However, current 3D printing techniques
have poor geometric accuracy and surface flatness of the
channel surfacewhenmanufacturing channels on themicron
scale. Laser processing technology has high preparation
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accuracy, which allows the processing of various complex
microchannel structures such as concave cavities and pin
fins. However, laser processing equipment is expensive, and
the processing time is long. The high heat concentration
generated by the laser can also lead to oxidation of the
material and cause the poor surface finish of the channels.
The low productivity of micro discharge machining and
vapor deposition makes it difficult to achieve mass
production. In conclusion, the relationship betweenmachin-
ing accuracy and machining cost should be considered
simultaneously when machining microchannels.
5 Conclusion and outlook

This paper reviews the progress of research on the optimal
design of channel geometry for MCHS under the
experimental conditions of single-phase flow heat transfer
and two-phase boiling heat transfer for high heat flux
electronic devices. In addition, the selection of materials
and fluid media for MCHS in recent years is reviewed. The
optimized design of channel geometry includes a special-
shaped cross-section channel design, topological biomimet-
ic channel design, and rib and cavity structure design in the
fluid interruption structure. The following conclusions can
be drawn from different structural optimization designs:

–
 The influence of the special-shaped cross-sections on the
heat transfer performance of MCHS is mainly reflected in
the difference in the actual heat transfer area of the
microchannel and the existence of the flow dead zone.
Among all the investigated microchannels, the triangular
and trapezoidal cross-section microchannels tend to
exhibit better heat transfer characteristics.
–
 Topologically optimized microchannels are gradually
developing from the traditional serpentinemicrochannels
to biomimetic channels with wider distribution areas,
such as tree-shaped, leaf-vein shaped and spider-web
shaped structures. The presence of bends in the
serpentine channels, the branching and merging charac-
teristics of the dendritic and vein-shaped microchannels
and the large heat transfer area of the spider-web shaped
channels are the main reasons for the enhanced heat
transfer performance of these topological biomimetic
microchannels. In addition, the topologically biomimetic
optimized microchannel design shows outstanding
advantages in temperature uniformity control. In all
above biomimetic MCHS studies, the temperature
difference can be controlled within 2 °C.
–
 Microchannels with rib structures enhance heat transfer
by interrupting the fluid flow and enhancing fluid
turbulence. The rib structures are mainly divided into
sidewall rib structures, staggered rib structures and
cylindrical pin fin structures. Different rib microchannel
structures and their geometric parameters have different
effects on their heat transfer performance and hydraulic
properties. Among all the sidewall rib microchannels, the
triangular sidewall rib microchannel is proven to have
better heat transfer performance. However, the staggered
rib structures and the cylindrical pin fin structures show
better heat transfer characteristics than the sidewall rib
structures. In summary, microchannels with ribs can
significantly improve heat transfer performance by
around 50% compared to conventional smooth rectan-
gular channels.
–
 The function of the concave cavity microchannels is
similar to that of the ribbed microchannels, which also
enhance heat transfer by interrupting the fluid and
promoting fluid perturbation. However, the difference is
that the concave cavity microchannels suppress the
development of thermal boundary layers mainly through
throttling and jet effects. Among the sidewall concave
cavity structures, the triangular concave cavity currently
exhibits better heat transfer characteristics with the
highest Nussle number. The biomimetic microchannels
with concave cavity structures combine the advantages
of topological bionics to improve heat transfer.
–
 The current research on microfluidics mainly focuses on
numerical simulation analysis mainly because of the
difficulty and high manufacturing cost of complex
structures such as ribs and cavities. In future practical
engineering applications, overcoming manufacturing
difficulties and reducing processing costs are the primary
tasks. Secondly, the research on the structure of
the MCHS needs to be more comprehensive and
systematic.

The heat sink materials studied mainly focus on copper
and silicon in recent years, and diamond/copper composite
materials will become the first choice for the MCHS due to
their high thermal conductivity and low expansion
coefficient. In addition, the existence of nanoparticles in
the nanofluid can significantly improve the heat transfer
capacity, which has a very prominent application prospect
in the future heat transfer experiments of MCHS.
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