energies

Review

A Critical Review on Geometric Improvements for Heat
Transfer Augmentation of Microchannels

Hao Yu 2, Tongling Li !, Xiaoxin Zeng !, Tianbiao He ' and Ning Mao 3*

Department of Gas Engineering, College of Pipeline and Civil Engineering, China University of
Petroleum (East China), Qingdao 266580, China

Department of Mechanics and Aerospace Engineering, Southern University of Science and Technology,
Shenzhen 518055, China

Institute of Industrial Science, The University of Tokyo, Meguro City, Tokyo 153-8505, Japan
Correspondence: maoning@iis.u-tokyo.ac.jp or maoning@upc.edu.cn

Abstract: With the application of microdevices in the building engineering, aerospace industry,
electronic devices, nuclear energy, and so on, the dissipation of high heat flux has become an
urgent problem to be solved. Microchannel heat sinks have become an effective means of thermal
management for microdevices and enhancements for equipment due to their higher heat transfer and
small scale. However, because of the increasing requirements of microdevices for thermal load and
temperature control and energy savings, high efficiency heat exchangers, especially microchannels
are receiving more and more attention. To further improve the performance of microchannels,
optimizing the channel geometry has become a very important passive technology to effectively
enhance the heat transfer of the microchannel heat sink. Therefore, in this paper, the microchannel
geometry characteristics of previous studies are reviewed, classified and summarized. The review
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is mainly focused on microchannel geometry features and structural design to strengthen the effect
of heat transfer and pressure drop. In addition, the correlation between boiling heat transfer and
geometric characteristics of microchannel flow is also presented, and the future research direction of
microchannel geometry design is discussed.
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Academic Editor: 1. Introduction

Gianpiero Colangelo In recent years, microdevices have been applied in many different industries, e.g., chemical
engineering [1], aerospace industry [2], electronic devices [3-5], nuclear energy [6], biological
engineering [7], and building engineering [8]. The rapid increase of power density of microde-
vices leads to a significant increase in heat flux, and rapid developments in industries result in
increasing energy consumption of heat exchanger sectors. In order to remove the high heat flux
of the microdevices, ensure that they are maintained at the allowable operating temperature, and
reduce the energy consumption in industries and buildings, the technologies of microchannel
heat sink/exchanger have emerged in recent years.

In 1981, the concept of the microchannel heat sink was first proposed by Tuckerman
et al. [9] to solve the heat dissipation problem of compact very-large-scale integrated (VLSI)
circuits, achieving a high heat dissipation capacity of up to 790 W/cm?. They recommended
the use of high aspect ratio rectangular microchannels to reduce thermal resistance to
improve heat dissipation further. Compared with conventional-sized heat exchangers,
microchannel heat sinks have the advantages of small and compact size, relatively large
surface area to volume ratio, higher heat transfer coefficient, and smaller pump work. Thus,
it exhibits more efficient heat transfer performance. It is considered one of the most effective
methods to solve the problem of high heat flux in the future and has received considerable
attention [10]. Although the microchannel heat sink has a higher specific surface area, the
40/). working medium flow is basically laminar due to the small size of the microchannel, which
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results in poor thermal performance compared to turbulence. Andhare et al. [11] studied
the heat transfer performance of a forced convection microchannel heat sink with water
as the working medium in a countercurrent arrangement, and the heat exchanger was
capable of delivering an overall heat transfer coefficient of close to 20,000 W/m?K at flow
rates as low as 20 g/s (corresponding to a microchannel Reynolds number of 30) and a
pressure drop per length value of 5.85 bar/m. Hao et al. [12] proposed a combined solution
of thermoelectric cooler (TEC) and microchannel heat sink to remove the hot spot of the
chip in the electronic equipment, and the results indicated that it can effectively remove a
hot spot in the diameter of 0.5 mm and the power density of 600 W/cm?. Based on forced
convection, flow boiling makes full use of the latent heat of vaporization and has a higher
heat transfer rate and uniform wall temperature distribution. Zhang et al. [13] modified
the surface structure of the two-phase microchannel heat sink to achieve a critical heat flux
(CHF) of 969 W/cm?. Green et al. [14] achieved a heat flux of up to 2 kW /cm? by using a
two-phase dedicated hot-spot cooler, and Tang et al. [15] designed microchannels with single
and three expansion areas for comparison. Experimental results showed that the flow-boiling
heat transfer coefficient can be effectively enhanced by up to 43.3% by adding three expansion
areas in microchannels, while the pressure drop variation was within 3 kPa.

With the development of manufacturing technology, the requirements of microdevices
for heat load and temperature control improve constantly. Some measures need to be
taken to improve the heat transfer performance of the microchannel heat sink. Ramesh
et al. [16] introduced in detail many heat transfer enhancement technologies suitable for
flow and heat transfer in a microchannel. Enhanced heat transfer technology can be divided
into active technology and passive technology according to whether external power is
consumed. Passive technology does not require external power, and its main methods
include changing the surface roughness [17-20], channel geometry modification [21-23],
and fluid additives [24]. With no moving parts, passive technology is cost-effective and
more reliable than active technology [25]. Optimizing the geometric construction is widely
used as a passive technology to enhance heat transfer performance in microchannels.

As a passive technology, the geometric characteristics of microchannels and their
structure design play a significant role in the realization of the function of microchannel heat
exchangers. With the advancement of microchannel processing technology, more theoretical
geometric designs have the ability to be applied in practice. The geometric modification
and optimization of the microchannel can increase the heat transfer area, promote the
redevelopment of the thermal boundary layer, form chaotic mixing of secondary flow,
promote the field synergy in the velocity field and temperature gradient, and even enhance
the flow boiling, which is beneficial to heat transfer augmentation. The design of the
geometric characteristics of the microchannel mainly includes the cross-sectional shape
and size of the channel, the shape of the sidewall of the channel and the optimization of the
fins on the bottom of channel, and the structure of the flow channel. The objective of this
paper is to conduct a detailed review of research on microchannel geometry optimization and
corresponding flow and heat transfer optimization, and to propose future research directions
for microchannel geometric design and optimization. This paper will provide a fundamental
basis for the future design of microchannel geometry for enhancing heat transfer.

2. Fundamentals of Optimizing Geometry Technology for Microchannel Heat Transfer
2.1. Classification of Optimizing Geometry Technology

Based on the previous research on microchannel heat sink (MCHS) geometry opti-
mization and according to the optimization structure and methods, a classification of the
microchannel optimized geometry technology was carried out, including cross-sectional
geometry optimization, wall geometry optimization, and complex geometry optimization,
as shown in Figure 1. In the third section, the optimizing geometric technology of the
microchannel cross section are introduced from three perspectives: the hydraulic diameter,
the aspect ratio of the rectangular cross section, and the cross-sectional shape. In the fourth
section, the microchannel wall geometry optimization technology is introduced from three
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Classification of optimizing
geometry technics of ————— Wall geometry optimization Fin and micro-structures
microchannel

perspectives: the wave, rib, and cavity on the sidewall; the fin and microstructures on
the bottom wall; the open, interruption and secondary channels. In the fifth section, the
complex optimization technology of fractal geometry, bionic structures and topology opti-
mization, double-layer, and manifold microchannels are introduced from the architecture
design of the microchannel flow channel.

Wave, rib and cavity

Open, interruption and
secondary channel

Fractal geometry, bionic structures
and topology optimization

Double-layer microchannel

—— Complex geometry optimization
Manifold microchannel

Other complex microchannel

Figure 1. Classification of optimizing geometry technology of microchannel.

2.2. The Mechanism of Optimizing Geometry Technology for Microchannel Heat Transfer

Appropriate geometric structure design can optimize the flow characteristics in the
microchannel, thereby enhancing the heat transfer effect. The mechanism of the optimized
geometry technology in the microchannel heat transfer can be roughly divided into the
following categories, as shown in Figure 2. The main explanations are as follows:

e The increase of heat transfer surface area. Optimizing the geometric structure can
increase a larger surface area to volume ratio. The application of optimized geometric
techniques, such as a smaller section size [26], complex section shapes [27], wall
ribs [28-30], cavities [31], and pin fins [32] can effectively improve the heat transfer
surface area.

e  The redevelopment of the thermal boundary layer. The conventional straight channel
fully develops the thermal boundary layer along with the flow direction. The hot fluid
accumulates at the edge of the channel. The heat exchange between the mainstream
cold fluid and the wall is limited. The optimized geometry technology interrupts and
re-develops the developed thermal boundary layer through ribs [33], pin fins [34], and
microstructures [35] to promote the mixing of hot and cold fluids.

e  Secondary flow and chaotic mixing [36]. The optimized geometry technology gener-
ates secondary flow and fluid mixing locally in the microchannel. This accelerates the
fluid flow, enhances the turbulence, reduces laminar stagnation zones, and increases
the disturbance to the central mainstream cold fluid.
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e  Enhanced boiling heat transfer [37]. For the flow-boiling heat transfer, the optimized
geometry technology is very important for the control and guidance of bubble behavior,
increasing bubble nucleation, controlling the frequency of bubble detachment, and
forming a suitable thin liquid film, which is beneficial to heat transfer augmentation.

e  The field synergy principle [38]. The optimized geometry technology can improve the
synergistic relationship between the fluid velocity field and the temperature gradient
field to enhance the overall heat or mass transfer capacity.

The
redevelopment of
thermal boundary

The increase of heat The field synergy

layer

transfer surface area principle.

The mechanism of optimizing
geometry technics

Secondary flow and

Enhanced boiling

chaotic mixing. heat transfer.

Figure 2. The mechanism of optimizing geometry technology.

3. Cross-Sectional Geometry Optimization

Due to the microchannel’s micro/small scale, the microchannel’s cross-sectional geometry
has a significant influence on the microchannel heat sink. The cross-sectional geometric
characteristics affect the area of heat transfer in the microchannel, the development of the
thermal boundary layer, and the bubble behaviors, determining the microchannel heat sink’s
flow and heat transfer characteristics. The influence of cross-sectional geometric characteristics
on the microchannel heat sink is reviewed from the two aspects of size and shape.

3.1. Sizes of Cross-Sectional Geometry

The scale involved in most microchannel design dimensions is basically between
0.1 and 1.5 mm [39], which lies in the transition zone of macrophysics and microphysics.
The physical processes in microchannels almost simultaneously have the characteristics of
macrophysics and microphysics. Compared with single-phase flow, boiling and bubble
behaviors under phase change heat transfer are more sensitive to the influence of channel
size and surface tension [40]. The geometric cross section and size make the development
and movement of bubbles have greater restrictions. The bubble volume changes drastically,
which greatly affects the flow characteristic and heat transfer of microchannel flow boiling.
In the review in this section, the influence of the microchannel size is mainly analyzed from
the two perspectives of the hydraulic diameter of the microchannel and the aspect ratio of
the rectangular cross section.

3.1.1. Hydraulic Diameter

Tuckerman et al. [9] studied the rectangular cross-section microchannel heat sink and
estimated the convective heat transfer coefficient & according to the dimensionless formula,
which can be expressed as Equation (1). For a given cooling fluid, it is believed that reducing
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the hydraulic diameter D of the microchannel has a significant effect on increasing the
flow heat transfer coefficient. Therefore, the hydraulic diameter of the microchannel can
be used as a consideration for enhancing heat transfer. The typical studies [26,41-44] on
the hydraulic diameter of the microchannel as the enhancement of heat transfer have been
summarized in Table 1.

k f N Uoco

h:
D

)

Table 1. Selected studies of hydraulic diameter on heat transfer.

Channel Size Fluid/ Research Method/
Reference (Hydraulic Diameter/ Variable Parameter/ Flow Pattern/
Aspect Ratio) Heat Flux Remarks
Deionized water/ Experiment/
Lee et al. [41] 318~903 um/aspect ratio: Reynolds number: Single-phase flow/
' 4.56~5.45 300~3500/ The heat transfer coefficient

- increases as the size decreases.

Lo Experiment/
100~250 um/ De“l’\j[‘;zz‘ilﬁter/ Flow boiling/
Markal et al. [26] aspect ratio: 51-93 k m,z's,l / The influence of hydraulic diameter
1 35.9-1 05g 6 KW /m? on heat transfer performance
' ' is complicated.
Deionized water/ Iﬁxpegn}ﬁnt//
.. 600~900 um/ Mass flux: . OV\.’ oring
Sadaghiani et al. [43] Round tube 2600~8000 ke m 251/ The relationship between the heat
3000~ 6000ng /m? transfer and the hydraulic diameter
is affected by the flow conditions.
HFE-7100/ Experiment/
. ) Flow boiling/
Yang et al. [44] 480~7900u2rr51£859f;ect ratio: 200~ 41\(;[; isgfi;liés—l / The heat transfer is related to the

corresponding two-phase flow

- 2
25-37.5 kW/m patterns under different sizes.

The single-phase heat transfer in microchannels with the hydraulic diameter of
318~903 um and the aspect ratio of about five was experimentally studied by Lee et al. [41].
The results showed that at a certain mass flux, the heat transfer coefficient increases with
the decrease of the channel size. In microchannel single-phase flow heat transfer, the
relationship between heat transfer and hydraulic diameter seems straightforward. For
flow-boiling heat transfer, Markal et al. [26] experimentally studied the effects of hydraulic
diameters of 100, 150, 200, and 250 um on the flow-boiling pressure drop and heat transfer
characteristics in parallel rectangular microchannels with a square cross section. Similarly,
the hydraulic diameter has a significant effect on heat transfer characteristics. However,
compared with single-phase flow, the influence of hydraulic diameter on heat transfer
performance under flow boiling is not monotonous. However, according to the heat flux
and mass flux, designers can select the appropriate hydraulic diameter to obtain the best
heat transfer performance [42]. Sadaghiani et al. [43] conducted a study on the influence
of pipe diameter on the boiling of subcooled flow in a horizontal circular pipe. Tests were
performed on micro round tubes with inner diameters of 600 and 900 pum, respectively.
Within this size range, the smaller the diameter of the microtube, the greater the heat
transfer coefficient. In addition, the heat transfer of subcooled boiling is related to the
diameter and flow conditions of the microtubes. In microtubes with a smaller diameter, the
influence of mass flux is stronger than heat flux. Yang et al. [44] studied the heat transfer
effect of flow boiling in multi-microchannel radiators with different hydraulic diameters
(480 pm and 790 um) through experiments. The experimental results showed that under
the same mass flux and heat flux, the heat transfer coefficient of the 480 um channel is
generally higher than the bigger channel. Moreover, the flow patterns of the two channels are
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quite different. This corresponds to the difference in flow pattern between the two channels.
However, when the flow reversal occurs, the heat transfer coefficient of the smaller channel
drops significantly.

In this section, the effect of hydraulic diameter on single-phase and flow-boiling heat
transfer in microchannels is reviewed. In single-phase flow, the effect of hydraulic diameter
is relatively single, and heat transfer increases as it decreases. However, for microchannel
flow boiling, the small channel has an obvious restriction on bubble behavior, and the
bubbles may elongate, the liquid film may dry up, and the flow may become unstable,
which causes greater flow resistance and deterioration of heat transfer [45]. Therefore, the
design of the hydraulic diameter of the microchannel should be coordinated with other
influencing factors, such as the mass flux of the working fluid and the heat flux, to achieve
the best heat transfer performance. However, under the condition of ensuring the cross-
sectional aspect ratio, there are few articles that study flow boiling under different hydraulic
diameters. This will cause difficulties in the coordinated design of the hydraulic diameter
and working conditions of the microchannel. Therefore, it is necessary to further explore
the influence of hydraulic diameter on the two-phase flow pattern under the condition of
ensuring the same cross-sectional geometry, so as to maintain the optimal two-phase flow
pattern in the microchannel to enhance heat transfer.

3.1.2. Aspect Ratio

Rectangular cross-section channels have been studied for many years as a traditional
microchannel design. Figure 3 shows all the microchannel geometries studied in published
papers through the end of 2018 [24]. More than half of the research is on rectangular
microchannels. Their rectangular aspect ratio (AR) structure has an important influence
on the microchannel heat transfer. Especially in the flow boiling of the microchannel, the
rectangular size is directly related to the bubble behavior, and the spreading of the liquid
film affects the heat transfer. The distribution of the liquid film at different rectangular
aspect ratios is shown in Figure 4 [46]. It can be clearly seen that, compared with the circular
cross section, the liquid film distribution of the rectangular cross section is not uniform and
is also different in different aspect ratios, which will affect the heat transfer process of the
liquid film evaporation.

58.59%Rectangular \

S~ 0.51%Zigzag
1.01%Square
1.52%Triangular

1.52%Helical

N

14.14%Parallel Plates
9.09%Circul ar — 6.57%Trapezoidal

Figure 3. The cross-sectional geometries of microchannels in the published papers (adapted from

Ref. [24]).
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Liquid

Vapor

(a) Circular (b) Square(AR=1)

(c) Rectangular(AR=2)

(d) Rectangular(AR=4)

Figure 4. The distribution of the liquid film in microchannels with different cross sections (adapted
from Ref. [46]).

Naphon et al. [47] and Xie et al. [48] studied the single-phase flow of the microchannel
heat exchanger and analyzed the effect of rectangular microchannel size on heat transfer.
The typical studies [47-56] on aspect ratio and microchannel heat transfer are listed in
Table 2.

Compared with single-phase flow, the influence of the rectangle aspect ratio under flow
boiling is complicated. More scholars focus on the influence of microchannel size under flow
boiling [49-53]. Lee and Mudawar [50] experimentally studied the cooling performance of
four different microchannel sizes. They found that the bubble nucleation and aggregation
in the microchannel with small hydraulic diameter are less. A smaller microchannel width
may promote the growth of slender bubbles up to the channel width and is conducive to
the flow stability and delays the occurrence of CHF. In the second part [51], the heat transfer
characteristics of the two-phase microchannel were studied. Smaller hydraulic diameter
microchannels can improve the cooling performance by increasing the flow velocity and
wetting area, while the smaller width of the microchannels will cause the two-phase flow
pattern to transition to slug flow in advance, which will reduce the cooling performance.
Harirchian et al. [52] experimentally studied the flow-boiling heat transfer of FC-77 in
the microchannel. The depth of the microchannels was 400 pm, and the width of the
microchannels was between 100 and 5850 pm. The experimental results showed that the
pressure drop grows as the channel width decreases. When the heat flux remains constant,
the increase in the width of the microchannel will increase the heat transfer coefficient on the
one hand and will also reduce the maximum heat dissipation capacity of the microchannel
on the other hand. In another article [53], the effects of channel width and depth, aspect
ratio, and cross-sectional area on the boiling heat transfer of microchannels were studied.
The results showed that the cross-sectional area of the channel plays a decisive role in the
boiling mechanism and heat transfer performance of the microchannel, and the reduction of
the cross-sectional area of the microchannel will increase the heat transfer coefficient. When
the wall heat flux is constant, the decrease of the cross-sectional area of the microchannel
will increase the pressure drop.

In order to study the effect of the rectangle aspect ratio on flow boiling, under the
condition that the hydraulic diameter of the microchannels is consistent, Burak Markal
et al. [54] investigated the effects of different aspect ratios (AR = 0.37, 0.82,1.22,2.71, 3.54,
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and 5.00) in parallel rectangular microchannels on the boiling characteristics of saturated
flow with deionized water. The experimental results showed that the heat transfer coeffi-
cient will grow as the rectangle aspect ratio increases until AR = 3.54, but the opposite is
true when AR > 3.54. At the same time, the experiment concluded that no clear relationship
between flow resistance and rectangle aspect ratio existed. Microchannels with the same
hydraulic diameter (about 1.12 mm) and different rectangle aspect ratios of 0.83, 0.99, 1.65,
2.47,4.23, and 6.06 were designed by Ben-Ran Fu et al. [55]. The results showed that the
microchannel aspect ratio has a significant influence on flow-boiling heat transfer. The wall
critical heat flux (CHF) grows as the rectangle aspect ratio increases and reaches a peak
value at AR = 0.99. This is considered to be the effect of the liquid film in the corner.

Table 2. Selected studies of aspect ratio on heat transfer.

Channel Size Fluid/ Research Method/
Reference (Hydraulic Diameter/ Variable Parameter/ Flow Pattern/
Aspect Ratio) Heat Flux Remarks
/ Air/ Experiment/
N, Reynolds number: Single-phase flow/
Naphon etal. [47] a;p;;f;zgt(l)o. 200 to 1000/ Microchannels with large aspect ratio

Heat flux: 1.8 to 5.4 kW m—2

have good thermal performance.

Xie et al. [48]

800~1412 pm/
aspect ratio:
4.00~7.50

Deionized water/
Inlet velocity: 0.1-1.5m/s/
Heat flux: 1.8 to 2560 kW m—2

Experiment/
Single-phase flow/
The narrow and deep microchannel
has a higher heat transfer coefficient
with a higher pressure drop.

Wang et al. [49]

571~1454 pum/aspect ratio:
10~20

FC-72/
Mass flux: 11.2-44.8 kg
m72571/
Heat flux: 0 to 18.6 kW m—2

Experiment/
Flow boiling/

The critical heat flux (CHF) increases
as the hydraulic diameter increases.
However, the heat transfer
performance deteriorates.

Lee and Mudawar [50,51]

175.7~415.9 um/aspect ratio:

2.47~4.01

HFE-7100/
Mass flux:
670-6730 kg m~2s71/
Heat flux: 0 to 7500 kW m—2

Experiment/
Flow boiling/
The aspect ratio affects the heat
transfer by affecting the transition of
the two-phase flow pattern.

Harirchian et al. [52,53]

96 to 707 um/aspect ratio:

FC-77/
Mass flux:

Experiment/
Flow boiling/
The cross-sectional area of the

~ _ —2.-1
1.05-15.55 Heif(;lulf'og tIZ) gzrg;) k?/\/ n/1 2 microchannel determines the boiling
’ mechanism and heat transfer.
Experiment/
100 pm/ Mz(sjjf? é “ Flow boiling/
Markal et al. [54] aspect ratio: 11.2-448 kg m*'zsfl / When the aspect ratio is 3.54, the heat
0.37~5.00 e Y transfer coefficient reaches its peak in
Heat flux: 0 to 18.6 kW m flow boiling.
HFE-7100/ Experiment/
. Mass flux: Flow boiling/
Fu et al. [55] about H% ggl/()aggect ratio: 39-180 kg m~2s~1/ When the aspect ratio is 0.99, the
’ ’ Heat flux: critical heat flux (CHF)reaches its

100 to 1140 kW /m 2

peak in flow boiling.

Markal et al. [56]

112 pm/aspect ratio:
0.25~4.00

Deionized water/
Mass flux:
70-310 kg m~2s~1/
Heat flux:

108 to 296 kW /m 2

Experiment/
Flow boiling/
The aspect ratio is 1 shows the best
heat transfer coefficient.

In the literature review in this section, under the premise of ensuring a certain hy-
draulic diameter of the microchannel, the influence of the rectangular cross-section chan-
nel’s aspect ratio on the flow-boiling convective heat transfer and pressure drop is analyzed.
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In terms of heat transfer characteristics for single-phase flow in microchannels, narrow
and deep channels have better heat transfer effects. For flow boiling, bubble behavior and
liquid film spreading are the keys to heat transfer. Generally, as the channel width increases,
the heat transfer effect will also be improved, but too large a width will make the diameter
of the water increase unfavorably for heat transfer. The area of the cross section determines
the heat transfer mechanism of flow boiling. The area decreases, and the heat transfer
increases. The rectangle aspect ratio has an important effect on the two-phase boiling heat
transfer. When the hydraulic diameter is constant, the rectangular microchannel with an
aspect ratio of about one seems to have a better heat exchange effect than other aspect ratio
microchannels [54-56]. In terms of pressure drop, due to the complex flow and boiling
behavior of microchannels, many factors are affected, and the influence of the geometric
factors of the rectangle aspect ratio on the microchannel pressure drop is not clear. Pressure
drop as a critical factor of energy consumption deserves deeper and wider research.

3.2. Cross-Section Shapes

The cross-sectional shape of the microchannel has a significant effect on flow and heat
transfer, just like the rectangle aspect ratio. With the advancement of processing technology;,
microchannels of various cross-sectional shapes have the possibility of being manufactured
and applied. In recent years, many scholars have carried out research on microchannels
with different cross-sectional shapes [57-65]. Rectangular, triangular, circular, and elliptical
cross sections are often used in the comparative study of microchannel geometric cross
sections, as shown in Figure 5.

Microchannel heat sink

,rmwwgrﬂfrj*

ODODOTEN OO D]

AAAANAAAR| |

o | g
o = b -
' s Byn y// ——
3 v AN Com g
finscont \
e, \ /

Three different cross sec

/
ToAgAA AL NG =T H AT A
LY ¥ VI i L I N N D N N )
/ &1 Heat Supply
M 5eMC
W2 Wa2 Wa?
'//j/
Wﬁl.k‘ll" 1 wll}( 2 | g "/,,/ i
I | jdrmc 2" A Ho
" Seeme Il s00pm | |
RMC

Not to scale

Figure 5. Schematic diagram of various geometric cross-section microchannels: (a) Wang et al.
(adapted from Ref. [57]); (b) Jing et al. (adapted from Ref. [58]), (c) Salimpour et al. (adapted from
Ref. [59]), (d) Raj et al. (adapted from Ref. [64]), (e) Khan et al. (adapted from Ref. [65]).

Numerical studies were carried out on the influence of geometric parameters on the
flow and heat transfer characteristics of rectangular, trapezoidal, and triangular microchan-
nel heat sinks [57], as shown in Figure 5a. A rectangular microchannel’s aspect ratio is
8.904-11.442, which has the best performance. The hydraulic and thermal properties of
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water in rectangular, elliptical, and isosceles triangular microchannels are numerically
studied by solving 3-D steady-state and conjugate heat transfer models [58]. The geometric
picture of the microchannel cross section is shown in Figure 5b. It is found that the hy-
draulic resistance and convective heat transfer coefficient of the triangular microchannel
are the smallest. When the hydraulic diameter of the cross-section channel is smaller than
the critical diameter, the hydraulic resistance of the rectangular microchannel is larger,
and the convective heat transfer coefficient is larger. Conversely, elliptical microchannels
are better. Numerical models of microchannel heat sinks with rectangular, elliptical, and
isosceles triangle cross-sectional shapes were established by Salimpour et al. [59], as shown
in Figure 5c. The simulation results showed that the thermal performance of rectangular
and elliptical microchannel heat sinks is very similar, and the thermal performance of
isosceles triangular microchannels is the worst.

Similarly, other researchers have conducted many studies. Luo et al. [60] used numeri-
cal simulation methods to study the flow-boiling heat transfer characteristics in vertical
microchannels with circular, square, triangular, and trapezoidal cross sections. With the
increase of mass flux, the average heat transfer coefficients of the four channels all increase.
The circular and square microchannels can increase the heat transfer coefficient by 30%,
but it is still lower than the triangular channel’s heat transfer coefficient because with the
growth of mass flux, the inertial force of incoming flow increases, the surface tension of
small bubbles near the wall is less than the inertial force, and they are washed downstream
by the incoming flow before they grow. The rapid separation of bubbles increases the
disturbance to the mainstream fluid, and the average heat transfer coefficient increases. At
the same time, the triangle corner region will limit the radial growth of bubbles, adhere to
the wall, and accelerate the bubble fusion and fragmentation. The evaporation speed of
the thin liquid layer between the bubble and the wall is accelerated, and the heat transfer
is enhanced. Sempértegui-Tapia et al. [61] found that when the heat flux is low, the heat
transfer performance of the circular channel is the best, and when the heat flux is high, the
heat transfer performance of the triangular channel is the best. When the geometry remains
unchanged, as the heat flux increases, the heat transfer coefficient also increases. Goodarzi
et al. [62] conducted numerical studies on microchannels with the same hydraulic diameter,
channel length, and circular, rectangular, and trapezoidal cross sections. Under similar
working conditions, the heat transfer effect of the rectangular cross-section microchannel
is the best, but its pump power is also the most compared to others. The heat transfer
efficiency in three types of microchannels with triangular, rectangular, and trapezoidal
cross sections were compared by Chen et al. [63]. Unlike Goodarzi et al., Chen et al. [63]
found that rectangular microchannels have the lowest thermal efficiency, and triangular
microchannels have better thermal efficiency than trapezoidal microchannels.

The composite structure of several geometric cross sections are also studied. Raj et al. [64]
designed a novel stepped convergence microchannel structure, as shown in Figure 5d. The
stepped convergence microchannel is a combination of a V-shaped channel at the bottom and
a stepped channel with a wider convergence at the top. Compared with the rectangular cross-
section microchannel, the heat transfer coefficient of the stepped convergent microchannel
is increased by 98%, and the total pressure drop is reduced by 77%. It also reduces the
fluctuation of wall temperature and pressure drop and reduces the instability of flow boiling.
Geometric optimization of complex sections is important. Khan et al. [65] used the 3-D Navier—
Stokes analysis and optimized the algorithm to optimize the inverted trapezoidal cross-section
microchannel heat sink. Optimized from the three aspects of microchannel width, depth
and angle, as shown in Figure 5e, it was found that the thermal resistance and the pressure
drop are most sensitive to design of the microchannel width. As the width and angle of a
microchannel increase, the thermal resistance grows linearly, while the pressure drop reduces.
However, with the channel depth, the trend is the opposite.

In this part of the review, we examine the geometric cross-section shapes of the mi-
crochannel mainly designed to enhance the heat transfer by increasing the heat transfer
area and spreading the liquid film in the two-phase flow. However, different cross-sectional
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shapes” hydraulic and heat transfer characteristics have different performance results, and
it is not easy to draw conclusions. The main reason is that articles can be roughly divided
into two categories. One is to study channels with different cross-sectional shapes, such
as rectangles, trapezoids, and circles. The size of such different cross-sectional shapes is
generally fixed, and it is difficult to compare the advantages and disadvantages of different
cross-sectional shapes. Another type of article is the study of the size optimization of a
certain cross-sectional shape. There is still a lack of systematic comparative studies on mi-
crochannels” hydraulic and thermal properties for different shapes after size optimization.

4. Wall Geometry Optimization

In this section, only the geometric design and optimization of the microchannel wall
are discussed. It is mainly divided into three parts. First, the geometric modification of
the two side walls inside the microchannel, such as the common wave design, the ribs
protruding from the sidewalls, and the cavity protruding out of the channel, are examined.
Second, the geometric modification of the bottom surface of the microchannel, such as
pin fins, interruptions, and the design and arrangement of microstructures are discussed.
Finally, the geometric modification of the channel wall, such as the adjustment of the
wall height-open microchannel, the interruption of the straight channel, and the multiple
interruptions of the wall, called the secondary channel, is detailed. The typical studies
on geometric optimization on the sidewall and bottom wall of the microchannel as heat
transfer augmentation are summarized in Table 3.

4.1. Wave, Rib, and Cavity on Sidewall

Owing to the limitation of the size of the microchannels, the straight microchannels
are basically laminar flow, the streamlines are almost straight, the fluid mixing effect is
poor, and the thermal performance is lower than that of the turbulent flow. With the
development of the thermal boundary layer, the heat transfer effect worsens along the fluid
flow direction. Many studies have focused on the design of the microchannel geometry
on the sidewall to increase fluid disturbance to achieve the effect of microchannel heat
transfer, such as the design of wave-shaped microchannels and adding ribs and cavities on
the sidewall, as shown in Figure 6.

This paragraph mainly reviews the wavy microchannel. Lin et al. [33] improved the
design of wave-shaped microchannels using a numerical model, as shown in Figure 6a,
comparing the heat transfer performance of straight channels and different wave-shaped
microchannels. It was found that reducing the wavelength or increasing the amplitude
is beneficial to the formation of eddy currents, which is conducive to improving heat
transfer performance. Appropriate wavelength and amplitude can further improve heat
transfer performance. Mohammed et al. [66] conducted further research on the waveform
microchannel. It was found that as the amplitude of the wave-shaped microchannel rises,
the pressure drops and friction coefficient of the wave-shaped microchannel increase
proportionally, and it is always higher than that of the straight microchannel. In general,
the amplitude of the wave-shaped microchannels in the range of 0.0625 to 0.21875 has better
cooling performance. Similarly, Tiwari et al. also performed parameter optimization of
wavy microchannels [67] and conducted a simulation study to explain the effect of bubble
coalescence on two-phase flow-boiling heat transfer and instability [68,69]. Sui et al. [70]
found that the vortex generated by the wave shape of the wall can greatly promote the
mixing of the boundary fluids and the center fluids, and the pressure drop loss of the
wave-shaped microchannel did not increase much. The wave amplitude of the wall can
be changed according to the actual purpose, resulting in higher heat transfer performance
and more uniform wall temperature. In order to alleviate the problem of local hot spots,
local wave-shaped microchannels were designed in the higher part of the high heat flux
area. Xu et al. [71] designed a new geometric microchannel heat sink with dimples based
on wave microchannels. The simulation results showed that the wave-shaped channel can
enhance the thermal performance of the new model by increasing the velocity gradient
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near the throat wall and the method of strong cross-flow mixing. The dimples enhance heat
convection by destroying the boundary layer.

Geometric modification and optimization of ribs are often applied to sidewalls. Chai
et al. [28] designed five different shapes of microchannel heat sinks with offset ribs, includ-
ing rectangle, back triangle, isosceles triangle, front triangle, and semicircle, as shown in
Figure 6b. The solved numerical model results showed that several kinds of offset ribs
have similar heat transfer enhancement effects and are significantly better than straight
channels without offset ribs. In addition, due to the significant increase in pressure drop,
the new microchannel is not suitable for working conditions at high Reynolds numbers. A
series of studies [28-30,72—74] were carried out on ribs. The effect of the arrangement of
the triangular ribs on the local flow of the microchannel was comparatively studied [29,30],
as shown in Figure 6c¢. Similar results to the above article, higher pressure drop, and lower
thermal resistance, are brought about by the triangular ribs. Compared with the reference
straight microchannel, the optimized new microchannel can increase the average Nusselt
number up to 2.15 times. Compared with the microchannels with offset triangular ribs and
the microchannels with the same rib shape and aligned with the triangular ribs, the heat
exchange performance is similar, but the pressure drop is much lower. The influence of
different geometrical parameters, fan-shaped rib width, height and spacing, arrangement,
or offset arrangement on the microchannel heat sink, is analyzed [72-74]. Compared with
the traditional smooth microchannel, fan-shaped ribs can bring better overall performance.
The geometric parameters of fan-shaped ribs have been optimized, and a suitable range of
geometric parameters of microchannel heat sinks is recommended.

Table 3. Selected studies of geometric optimization on sidewall and bottom wall of the microchannel
on heat transfer.

Type of Wall Research Method/ Heat Transfer/
Reference Geometry Optimizations Fluid/ Flow Resistance/
Flow Pattern Mechanism
Wave on Simulation/ Enh Ag' Nu/ '(
Lin et al. [33] \ Water/ nhanced ¢ aot.1c mixing and
sidewall Single-phase flow convection, and increased heat
transfer surface area
>
Wave on Simulation/ h/ AP / .
Mohammed et al. [66] \ Water/ Enhanc'ed chaot'lc mixing and
sidewall Single-phase flow convection, and increased heat
transfer surface area
. Simulation/ Nuld15%, ArE2%/
Xu etal. [71] Cavity on Water/ Enhanced chaotic mixing and

bottom wall convection, and increased heat

Single-phase flow
transfer surface area

Nul@42~959% / ArBl/

Rib on Simulation/ Enhanced chaotic mixin.
Chai et al. [28] sidewall Water/ d 8 . )
Single-phase flow and convection, and increased heat
transfer surface area
Cavity on Simulation and Nuld / N 7| /Enhanced convection,
Kumar et al. [31] top wall and experiment/Water/Single- and increased heat transfer
bottom wall phase flow surface area
~ ,
Cavity on Simulation/ Enhl;lllz!l/cﬁi\!c/tion
Chai et al. [75] . Water/ ’
sidewall

redeveloped boundary layer, and

Single-phase flow .
increased heat transfer surface area
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Table 3. Cont.

Research Method/ Heat Transfer/
Type of Wall . .
Reference Geometry Optimization Fluid/ Flow Resistance/
eometry Lp ations Flow Pattern Mechanism
A h21155~988%/
Lietal. Cavity on p AP12.8~50.3%/
[76] sidewall Acetone/ :
Flow boiling . Enhanced convection, and
increased heat transfer surface area
Simulation h12.5-80.4%,
Chai et al. [77] Ca'1V1ty on and experiment/ Nul@180% / rréd /
sidewall Water/ Enhanced convection, and

Single-phase flow

increased heat transfer surface area

Xia et al. [78]

Rib and cavity on sidewall

Simulation/
Water/
Single-phase flow

Nul@167% /-
/Enhanced chaotic mixing
and convection, and increased heat
transfer surface area

hWE10~175% /-

Fin on Experiment/ ah haotic mixi

Deng et al. [79] Water and ethanol/ /Enhanced chaotic mixing

bottom wall 1 and convection, and redeveloped
Flow boiling
boundary layer
e ~80% %,
Micro- Simulation/ h40 80%, RIE41.02 o/
Xie et al. [35] structures on Water/ APESl/Enhanced convection,

bottom wall

Single-phase flow

redeveloped boundary layer, and
increased heat transfer surface area

Rajalingam et al. [80]

Micro-
structures on
bottom wall

Simulation/
Water/
Single-phase flow

hl61~170%/ APH
/Enhanced chaotic mixing
and convection, and redeveloped
boundary layer

Ahmadian-Elmi

etal. [81]

Fin on
bottom wall

Simulation/
Air/
Single-phase flow

N2 NS 7|

/Enhanced chaotic mixing and
convection, and redeveloped
boundary layer

Zeng et al. [82]

Fin on
bottom wall

Simulation
and experiment/
Water/
Single-phase flow

Nul&56~260%/
Arl9-27%/
Enhanced chaotic mixing
and convection, and redeveloped
boundary layer

The geometry of the cavity is another common geometric modification of the channel
sidewall. Kumar [31] established a three-dimensional microchannel model with a trape-
zoidal cross section with rectangular and semicircular cavities on the wall, as shown in
Figure 6d. After a systematic comparison, it was found that the heat transfer performance
of the microchannel with the semicircular groove was 16% better than that of the rectangle.
The pressure drop increased due to friction losses. At the same time, the influence of the
number and size of grooves on heat transfer was also studied. After the groove reaches
a certain number, the heat transfer performance is no longer enhanced, and the pressure
loss continues to increase. For rectangular cavities of the same area, the width has a greater
influence on the heat transfer augmentation. The periodic fan-shaped cavity microchannel
heat sink was also studied [75]. The results showed that the microchannel heat sink with
fan-shaped cavities on the sidewalls is beneficial to heat transfer enhancement under an
acceptable pressure drop. The mechanism of heat transfer augmentation can be attributed
to the increase of the heat transfer surface area, the formation of the boundary layer, and
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the throttling effect. Therefore, the size, style, and arrangement of the cavity are important
parameters for geometric optimization. Li et al. [76] designed a new microchannel with tri-
angular cavities on the wall and conducted a comparative study of flow-boiling experiments
between the new microchannel and the straight microchannel. The new microchannel heat
sink’s heat transfer, pressure drop, and wall temperature performance were analyzed. The
results showed that the new microchannel has an inhibitory effect on bubble accumulation
in flow boiling, can improve CHF compared with straight microchannels, and enhances
the stability of flow boiling. At the same time, the local heat transfer coefficient can even
reach 8.55 times the local heat transfer coefficient of the traditional straight microchan-
nel at the steady flow-boiling process, and the pressure drop is also significantly lower.
However, boiling and flow reversal are more severe under low mass flux, and the result
is not optimistic. Chai et al. [77] studied the heat transfer efficiency of microchannel heat
sinks with periodic cavities through experiments and numerical methods. The thermal and
hydraulic characteristics of three different microchannels (straight, semicircular cavity, and
triangular cavity) were compared. The geometric structure diagram is shown in Figure 6e.
The conclusion is that the pressure drop of different types of microchannels is similar, but
when the Reynolds number is greater than 300, the pressure drop of the periodic cavity
microchannel exceeds that of the traditional straight microchannel. At the same time, the
average Nusselt number of the periodic cavity microchannel can be increased by about
1.8 times, the heat transfer fluctuation of the new microchannel is reduced, and the wall
temperature is more uniform.

Combining the advantages of cavities and ribs and optimizing geometry on the side-
wall can further improve heat transfer. Xia et al. [83] optimized the geometric dimensions of
the microchannel and combined the arc-shaped grooves and ribs with an algorithm. Taking
the total thermal resistance and pump power as the optimization goals and taking the
groove height, rib height, and rib width as variables, the numerical results were compared
and studied. The thermal resistance drops linearly as the relative rib height increases. Both
the total thermal resistance and the pump work increase with the relative rib width. The
sensitivity analysis showed that the relative height of the rib plays the greatest role on the
microchannel. They also numerically studied [84] the influence of geometric parameters
on the hydraulic and thermal characteristics of a microchannel heat sink with a triangular
cavity. Four variables were designed to represent the distance and geometric shape of the
triangular cavity. It also gave the best parameter range that helps to design an efficient
microchannel heat sink. Beng et al. [85] proved that the triangular cavity microchannels
have the highest Nusselt number and the lowest friction factor compared with the straight
channels. When the fluid flows through the triangular cavity, it will disturb the fluid and
form a vortex. Therefore, the size and strength of the cavity affect the strength of forced
convection. In addition, Xia et al. [78] studied a combined microchannel heat sink with a
fan-shaped cavity and internal ribs with the numerical method. The results showed that
the combined effect of the cavity and the rib optimizes the cavity alone action, and the
influence of rib height is the biggest influencing factor of geometric optimization compared
to cavity. Similar microchannel heat sink with fan cavities and different ribs were studied
by Zhai et al. [38], as shown in Figure 6f. The field synergy theory, the reconstruction of
the boundary layer, and the disturbance of the fluid were used to explain the mechanism
of heat transfer augmentation. Tiwari et al. [86] explained the heat transfer principle of
sidewall geometry modification from the perspective of velocity and pressure distribution,
as shown in Figure 7. The change of flow cross section caused the change of fluid velocity,
flow interruption, boundary layer redevelopment, and secondary flow, which are the main
reasons for heat transfer augmentation. In addition, it was found that the heat entropy of
the wall geometry modification region was higher, indicating that the heat transfer was
more sufficient [87].
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Figure 6. Schematic diagram of various geometry on the sidewall of microchannels: (a) Lin et al. [33],
(b) Chai et al. (adapted from Ref. [28]), (c) Chai et al. (adapted from Refs. [29,30]), (d) Kumar [31],
(e) Chai et al. (adapted from Ref. [77]), (f) Zhai et al. (adapted from Ref. [38]).

Compared with straight channels, microchannels with ribs and cavities have a larger
heat transfer surface area and can enhance chaotic mixing and convection, increase dis-
turbance, and promote the reconstruction of the boundary layer to enhance heat transfer.
However, it can be seen from Table 3 that these geometric modifications have increased the
channel pressure drop to a certain extent. This will increase pump power consumption and
the risk of leakage, contrary to the concept of sustainable development of energy conser-
vation. Various geometric structures, such as wave-shaped composite structures coupled
with cavities and ribs, can realize enhanced heat transfer while reducing the increase in
pressure drop caused by wall geometry modification after geometry optimization.
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Figure 7. Comparison of velocity and pressure distribution of various geometry on the sidewall of
microchannels (adapted from Ref. [86]).

4.2. Fin and Microstructures on Bottom Wall

Similar to the previous section, in order to strengthen the disturbance of the internal
fluid of the microchannel and promote the reconstruction of the boundary layer, some of the
microstructure design of the bottom surface of the microchannel was introduced. Shamsi
et al. [34] used a numerical simulation method and analyzed the flow and heat transfer
process of rectangular cross-section microchannels with triangular ribs with different angles
(30°, 45°, and 60°), as shown in Figure 8a. At an angle of attack of 30°, the growth of the
thermal boundary layer before and after the ribs was significantly smaller, which proved
that the larger heat transfer at this angle is reasonable. Deng et al. [79] added a micropin
fin structure on the bottom surface of the microchannel. The experiments showed that the
heat transfer effect of the new microchannel has obvious advantages compared with the
traditional microchannel with smooth walls. A large number of tiny retrograde cavities
provided many stable nucleation sites. In addition, the capillary force they can provide is
conducive to the rewetting of the wall surface, which relieves local dryness to a certain
extent, and the instability of the two-phase flow is reduced. Therefore, the high heat transfer
coefficient can be maintained under high heat flux. Foong et al. [88] designed a square
microchannel with four longitudinal-shaped fins by numerical method, and the height of
the fins was optimized. It was found that the internal fins had the possibility of enhancing
heat transfer, and there is an optimal height of fin, which can provide the best thermal and
hydraulic characteristics. The internal fins enhanced the development of the boundary
layer, strengthened flow mixing, and increased the heat transfer surface area and thus
improved the heat transfer coefficient. Xie et al. [35] designed a Y-shaped bifurcation in
the straight microchannel, as shown in Figure 8b, and studied the influence of the length
and angle of the Y-shaped bifurcation. Under certain conditions, the thermal resistance
was reduced by about 40%. When the angle of Y-shaped bifurcation is 180°, that means
T-shaped, it has the best thermal performance. However, at the same time, a large angle also
brings a higher pressure drop. Rajalingam et al. [80] discussed the effect of the shape and
distribution of pin fins and holes on the thermal-hydraulic performance of a microchannel
with the simulation method. The distribution and shape of circular, elliptical, and aerofoil
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fins and circular and oval blind holes were analyzed. Compared with rectangular straight
channels, the highest thermal-hydraulic performance of elliptical fins can be improved by
19.4%.

(€)) (b)

—— = O

Figure 8. Schematic diagram of pin fins and microstructures microchannels: (a) Shamsi et al. (adapted
from Ref. [34]), (b) Xie et al. (adapted from Ref. [35]), (c) Xie et al. (adapted from Ref. [32]), (d) Zeng et al.
(adapted from Ref. [82]).

Compared with the geometric modification of the microstructure on the wall, the
optimization of geometric structure is also noteworthy. Ahmadian-Elmi et al. [81] optimized
the number, diameter, spacing, height, and other geometric parameters of pin fins to
improve the overall performance of the pin-fin microchannel heat sink. The optimized
tapered pin fins can improve thermal-hydraulic performance by 17.58% compared with
ordinary pin fins. The arrangement and the inclined angle of cylindrical pin fins were also
studied by Xie et al. [32], as shown in Figure 8c. It showed that the arrangement and the
inclined angle of pin fins have almost no effect on heat transfer. Zeng et al. [82] designed a
new type of microchannel heat sink with complex structure pin fins, as shown in Figure 8d.
Staggered complex pin fins have better thermal performance and also have larger pressure
drop. Compared with conventional rectangular microchannel heat sink, its Nusselt number
increased by 77-260%.

In fact, similar to the geometric modification and optimization on the sidewall, the
microstructures and fins on the bottom wall increase fluid mixing by destroying the original
stable flow, forming secondary flow, and redeveloping the thermal boundary layer to
promote heat transfer. Unlike the former, the fins and microstructures on the bottom wall
have more potential applications in two-phase flow to increase nucleation sites to enhance
flow-boiling heat transfer. However, they all increase the pressure drop to some extent.
Hence, how to obtain balance between the enhancing heat transfer and reducing pressure
drop is the main problem that should be solved in the future.

4.3. Open, Interruption, and Secondary Channels

The geometric modification of the wall of the microchannels, such as waves, fins,
cavities, pin fins, microstructures, etc., all increase heat transfer and at the same time
produce a greater or lesser pressure drop. Especially in the process of flow boiling, the
restriction of the bubble behavior by the microchannel geometry will cause the pressure
drop to rise sharply.

The open channel provides a wider space for the bubbles generated by boiling, decreas-
ing the pressure drop and improving the critical heat flux. Xia et al. [89] experimentally
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compared the flow-boiling characteristics of acetone in a semi-open microchannel and a
straight microchannel, as shown in Figure 9a. Compared with straight microchannels, the
initial boiling point of semi-open microchannels is lower because it can provide a greater
number of nucleation sites. Under the same experimental conditions, the maximum heat
transfer coefficient of the semi-open channel is 1.4 times the conventional microchannel.
Yin et al. [90] proposed an open microchannel heat sink and discovered two types of strat-
ified flow with an opposite distribution of vapor and liquid phases. Nucleate boiling is
the main boiling mechanism, the behavior of bubbles is guided by the structure, and the
instability of flow boiling is obviously suppressed. In subsequent studies, two sizes of open
microchannel heat sinks were used as a comparative study [91], as shown in Figure 9c.
Similarly, two types of stratified flow were discovered. However, both nucleate boiling
and convective evaporation dominate the mass transfer process of flow boiling. More
parallel channels and the smaller size of the open microchannel heat sink is better for heat
transfer, but the pressure drop is greater. Balasubramanian et al. [92] studied the effects
of different spatial orientations on flow boiling in open microchannels. The experimental
results showed that the influence of the change of inertia and the direction of gravity on
the flow-boiling heat transfer of open microchannels can be ignored. Bhandari et al. [93]
conducted a numerical study on an open microchannel heat sink composed of square pin
fins, as shown in Figure 9b, and compared the results with closed microchannels. The
open microchannel with a fin height of 1.5 mm had the best comprehensive hydraulic and
thermal performance, and its heat transfer rate was 5-10% higher than that of a closed
microchannel heat sink (the fin height is about 2 mm).

(a) _(b)

Open space

Z o Fin

Plenum -
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Measuring port_|

Microchannel
heat sink =

Ceramic heater -

Figure 9. Schematic diagram of open microchannels: (a) Xia et al. ([89]), (b) Bhandari et al. ([93]),
(c) Yin et al. (adapted from Ref. [91]).

In order to enhance the heat exchange of the microchannels while reducing the increase
in pump power, the geometric design of the secondary flow channel is proposed to be
applied to the heat exchanger. It retains the enhanced heat transfer effect of the fins
and cavities and improves the flow between the channels, so as to achieve the effect of
controlling the pressure drop. The new structure’s design also means more adjustments and
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optimizations of geometric parameters, such as channel interruption distance, interruption
angle, etc.

The application of interrupted microchannels in single-phase flow is to increase dis-
turbance by mutual flow between channels to enhance heat transfer and reduce pressure
drop. Xu et al. [94] designed an interrupted microchannel heat sink, as shown in Figure 10a,
which includes adjacent discontinuous parallel microchannels and separation areas. The
results showed that the flow rate difference of different channels is very small, and the
deviation of the absorbed heat is less than 2%. The hydraulic and thermal boundary layer
will disrupt and re-develop the interrupted microchannels, and the re-development of the
thermal boundary layer will enhance the heat transfer of the heat exchanger. Compared
to straight microchannels, the pressure drop of interrupted microchannels is always no
greater than straight microchannels. Chai et al. [95] explored an interrupted microchannel
heat sink with different geometry and layout parameters to study their pressure drop and
heat transfer characteristics, as shown in Figure 10b. Interrupted microchannels with ribs
can observe the separation of mainstream flow, recirculation, or vortex and interrupt the
boundary layer. When the Reynolds number is small, the heat transfer can be enhanced.
When the width of the rectangular fin is 0.5 mm, the heat transfer coefficient is better. When
the Reynolds number is large, the heat transfer effect of the interrupted microchannel
without fins is the best. Once the Reynolds number is less than 500, microchannels with
fin spacing greater than 1.3 mm provide the highest heat transfer enhancement factor, and
then as the Reynolds number increases, the optimal channel spacing gradually increases.

Unit: mm

Figure 10. Schematic diagram of interrupted microchannel: (a) Xu et al. (adapted from Ref. [94]),
(b) Chai et al. (adapted from Ref. [95]).

More studies on secondary channel microchannels formed by the increased number of
interruptions are reviewed in this paragraph, and the typical studies on open, interruption,
and secondary channel microchannels as heat transfer augmentation are summarized in
Table 4. Prajapati et al. [96] compared the bubble growth and flow instability of uniform,
divergent, and secondary channel microchannels through experiments, using visualization
techniques to analyze and compare the aggregation and movement of bubbles in the three
channels and found, as shown in Figure 11a, that the bubble growth model is completely
different from the uniform and divergent cross-sectional channel. Its bubble growth rate
is small, and it has enough freedom to grow in the axial and lateral directions. It has an
inhibitory effect on flow reversal and boiling instability. The temperature fluctuation and
pressure loss of the bottom surface of the segmented channel are slightly higher. Experi-
ments by Law et al. [37] compared the hydraulic and thermal performance and instability
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characteristics of straight fin microchannels and secondary channel microchannels, as
shown in Figure 11b. The results showed that the heat transfer performance of secondary
channel microchannels is significantly better than that of traditional straight microchan-
nels, even up to 6.2 times, because the density of production bubbles in nucleate boiling
increases and the destruction and regeneration of thin liquid films in convective boiling
are beneficial to two-phase flow-boiling heat transfer. The inclined fins can stably chop up
the bubbles so that the bubbles are limited to a certain size, thus providing a more stable
flow boiling, and the CHF is greatly increased. However, the frequent changes in the fluid
flow direction will bring higher pressure drops and pressure fluctuations. Shi et al. [36]
optimized the geometric parameters in the trapezoidal fin secondary channel microchannel
heat sink to obtain smaller thermal resistance and pump power, as shown in Figure 11c.
Numerical research is carried out from three aspects of channel width, spacing, and angle.
The results showed that the fin width has the greatest influence on the pump power and
thermal resistance. As the fin width increases, more fluid flows into the secondary channel.
Although the pump power decreases, the thermal resistance increases. Affected by the
rupture and reconstruction of the heat transfer area and the boundary layer, the effect of the
fin pitch on the thermal resistance is not monotonous. Five best solutions were determined
through K-means clustering analysis. Compared with the traditional straight channel, the
thermal resistance can be reduced by up to 29.2%, and the pump power can be reduced by
up to 26.4%. Ghani et al. [97] designed straight channels, secondary channels, and fins and
their combined microchannels and compared and analyzed different microchannels, as
shown in Figure 11d. The results showed that the microchannels with secondary channels
and fins have superior overall performance. The secondary channel provides a larger flow
area, reduces the pressure drop caused by the fins, and helps to remove stagnant areas,
enhancing disturbances and significantly improving heat transfer.

The optimization of the secondary channel microchannel is necessary. The following
shows the optimization of the secondary channel from the shape, angle, and arrangement of
the wall surface [90-92]. Wan et al. [98] designed and manufactured four fins with different
shapes, namely square, round, diamond, and streamlined as the wall of the secondary
channel, as shown in Figure 12a. A flow-boiling experiment of water was carried out. The
square fins secondary channel presented the best heat transfer coefficient because the square
shape facilitates hindering the continuous development of the steam block and causing the
channel to re-wet. Diamond fins secondary channel exhibited the smallest pressure drop.
The experimental results showed that the square fins secondary channel is most suitable for
the secondary channel heat sink in the flow-boiling process. Law et al. [99] experimentally
studied the effects of different tilt angles (10°, 30°, 50°) on thermal-hydraulic characteristics
and stability of secondary channel microchannel flow boiling, as shown in Figure 12b. The
results showed that the microchannel with an inclined angle of 50° has the largest heat
transfer coefficient due to the larger number of inclined fins, which results in a greater
degree of reformation of the boundary layer and liquid film. The pressure drop of the
secondary channel with an inclination angle of 10° is the smallest, and the pressure drop of
the secondary channel with an inclination angle of 30° and 50° is larger and close in size.
Compared with straight channels, the flow and boiling stability of the secondary channel at
any oblique angle is greatly improved. Huang et al. [100] designed three fins of secondary
channel microchannel heat sinks, which are rectangular parallel fins, rectangular staggered
fins, and trapezoidal staggered fins, as shown in Figure 12c. Numerical calculation results
showed that increasing the width of the rectangular fin and the angle of the trapezoidal
base augments heat transfer. The trapezoidal staggered fins secondary channel has the
lowest pump power and the best heat transfer characteristics, and it is pointed out that the
staggered fins secondary channel has a better degree of field synergy.
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Figure 11. Schematic diagram of secondary channel microchannel: (a) Prajapati et al. ([96]), (b) Law
et al. (adapted from Ref. [37]), (c) Shi et al. (adapted from Ref. [36]), (d) Ghani et al. (adapted from
Ref. [97]).
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Figure 12. Geometry optimization of the secondary channel: (a) Wan et al. (adapted from Ref. [98]),
(b) Law et al. (adapted from Ref. [99]), (c) Huang et al. (adapted from Ref. [100]).
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Table 4. Selected studies of geometric optimization on open, interruption, and secondary channel on

heat transfer.

Reference

Type of Wall

Geometry Optimizations

Research Method/
Flow Pattern

Heat Transfer/
Pressure/
Mechanism

h2186.2%/-/

Experiment/
Xia et al. [89] Open channels Acetone/ Increased .the number
Flow boiling of nucleate sites to enhance
flow boiling
w2/
Experiment/ Increasing area for
Yin et al. [90] Open channels Water/ (?xpandmg bubble and
Flow boiling increased the number
of nucleate sites to enhance
flow boiling
Experiment/ cHrl2] nsl/ AP/
Balasubramanian et al. [92] Open channels Water/ Increasing area for expanding
Flow boiling bubble to enhance flow
boiling
Simulation/ Nu/ AP/
Bhandari et al. [93] Open channels Water/ Increasing area for expanding

Single-phase flow

bubble to enhance flow
boiling

Xu et al.
[94]

Interruption channels

Simulation and
experiment/
Water/
Single-phase flow

Nulzl/ AP/

Enhanced chaotic mixing and

convection, and redeveloped
boundary layer

Simulation and

Nulzh8~60%/-/

Chai et al. [95] Interruption channels exg;zltr;e/nt/ Enhanced chaotic mixing, and
Single-phase flow redeveloped boundary layer
. -/APl2]y
o Secondary Experiment/water/ /
Prajapati et al. [96] channels Flow boiling Secondary flow a}er enhanced
flow boiling
Experiment/ h[2120~620%,
Law et al. Secondary IID?C-72 / CHF250~280% / AP /
[371 channels Flow boiling Secondary flow and enhanced
flow boiling
[ N 0,
. Simulation/ RE9.2%/ aPE26.4% /
Shi et al. Secondary Water/ Enhanced chaotic mixing,
[36] channels Single-phase flow secondary flow, and
redeveloped boundary layer
7 N 0,
) Simulation/ Nul2l/ AP.,SO /(f/ )
Ghani et al. Secondary Water/ Enhanced chaotic mixing,
[97] channels Single-phase flow secondary flow, and
redeveloped boundary layer
’ 7
L 1 S d Simulation and h/ AP/ .
aw et al. econdary experiment/FC-72/ Enhanced chaotic mixing,
[99] channels secondary flow, and

Flow boiling

redeveloped boundary layer

Interrupting the microchannel creates conditions for the redevelopment of the bound-
ary layer. Multiple local flow of heat development enhances heat transfer in the microchan-
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nel heat sinks and generally at pressure drops not higher than straight channels. The
secondary flow channel gives full play to the advantages of the intermittent microchannels
and fins and can significantly improve the heat transfer performance. The mechanism of
heat transfer augmentation can be attributed to the larger heat transfer surface area, the
periodic fragmentation of the boundary layer, and the fluid mixing caused by the growth of
the secondary flow vortex. In addition, the geometric structure of the open microchannels
suppresses flow-boiling instability because of the increasing area for expanding bubbles.
The geometric optimization of the distribution, shape, size, and angle of the fins in the
secondary channel is conducive to improving the critical performance of the microchannel
heat sink. Cooperating with these geometric characteristics to reduce thermal resistance
and pressure drop is a future research direction. Similarly, the influence of geometrical
characteristics, such as the geometrical cross-sectional size and hydraulic diameter of the
channel on the secondary flow channel, is also worth exploring.

5. Complex Geometry Optimization

The optimized design of the microchannel flow channel geometry is of great signifi-
cance to enhance the overall heat transfer of the microchannel heat sink. The traditional
multi-parallel microchannel geometric design urgently needs improvement in the face of
the increasing demand for high heat flux dissipation. In this section, the flow channel
geometry design and optimization of the microchannel heat exchanger are discussed. It is
also mainly divided into three parts. First, the geometric design and topology optimization
of flow channels in a microchannel heat sink based on fractal theory and bionics thinking
are reviewed. Second, the geometric design and optimization of double-layer microchan-
nels are used to reduce pressure drop and solve local hot spots. Finally, the geometric
design and optimization of the manifold microchannels that have broad prospects in the
application are introduced.

5.1. Fractal Geometry, Bionic Structures, and Topology Optimization

While microchannels