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Abstract

Due to the urgent need for heat dissipation of high heat flux devices in many engineering
applications to maintain high performance and stable operation, flow boiling in micro/mini-
channel heat sinks is an enabling and promising approach to tackling high heat flux cooling
issues in emerging cutting-edge technology. Various enhancement techniques for flow boiling
in micro/mini-channels have been investigated in recent years. These mainly include various
surface modifications, enhanced channel structures and composite enhancement techniques.
These techniques are able to improve flow boiling heat transfer coefficient (HTC), critical heat
transfer (CHF) and mitigate two phase flow instabilities. The composite enhancement
techniques take the advantage of each individual technique for flow boiling to achieve more

efficient heat transfer and stable flow. However, there are challenges to optimizing these

1


mailto:xgd@bjut.edu.cn
mailto:lixincheng@hotmail.com

techniques and understanding the very complex mechanisms involved in these emerging
techniques. This paper presents a comprehensive review of the studies of various enhancement
techniques for flow boiling and mechanisms in micro/mini-channels having hydraulic diameter
of 0.1 - 3 mm over the past five years. First, the criteria for distinction of micro/mini-channels
and classification of flow boiling enhancement techniques are discussed. Then, studies of flow
boiling enhancement techniques using surface modification techniques and enhanced structures
are critically reviewed. Next, the effects of surface modification techniques and enhanced
structures on flow boiling heat transfer, CHF, two phase flow patterns, two phase flow
instability and mechanisms in micro/mini-channels are discussed and analyzed. Other
enhancement techniques such as using surfactants to enhance flow boiling is also mentioned.
Finally, future research needs have been identified and recommended according to the
comprehensive review and deep analysis. Systematic research on the physical mechanisms
underlying the composite heat transfer enhancement techniques is urgently needed.
Optimization design of micro/mini-channel flow boiling heat transfer enhancement techniques
is a big challenge and should be focused on in future. In order to understand the mechanisms,
the bubble dynamics, bubble nucleation and flow patterns of flow boiling in the composite
enhancement techniques in micro/mini-channels should be systematically investigated to
understand the mechanisms and optimizing the enhancement techniques. Effort should be made

to develop prediction methods for flow boiling heat transfer and CHF in the long run.
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1. Introduction

With the rapid development of advanced technology, strategic frontier areas such as micro-
electromechanical systems (MEMS), electronic communication, acrospace, new energy, data
center sever chips, insulated gate bipolar transistor (IGBT) modules, the flight control modules
of plant protection, unmanned aerial vehicle (UAV), emerging cutting-edge technology and
others have been receiving extensive attention in recent years. The large-scale application of
the third-generation semiconductor materials and continuous breakthrough in core technologies
have accelerated the update and iteration speed of microelectronic device in various fields. With
the development trend of integrated miniaturization and high power, the heat flux of
microelectronic device continues to increase. Therefore, the heat dissipation of microelectronic
device becomes one of the major issues [ 1-5]. From air cooling scheme to liquid cooling scheme,
effective thermal management solution can maintain the safe and stable operation of the device
and the entire system, maximize its operating performance and reliability, and improve the
service life. However, due to the rapid increase in the heat flux of electronic device, the heat
flux can reach up to 100 - 500 W/cm? and up to 10’ W/cm? in some extreme cases [6-11].
Single-phase liquid cooling can no longer meet the heat dissipation requirements of the device
operation. Flow boiling two phase cooling taking the advantage of the latent heat of phase
change is an enabling heat dissipation approach to cooling high heat flux and improve the heat
dissipation efficiency [12].

The technology for the removal of high heat flux using flow boiling has excellent heat
dissipation capacity. Micro/mini-channel heat sinks take the advantages of this heat dissipation

technology even more apparent [13, 14]. HTC and CHF are the key parameters affecting the



heat dissipation performance of micro/mini-channel heat sinks. How to maximize HTC and
CHF under the condition of safe operation to achieve maximum heat dissipation efficiency is
one of the core challenges in the field of micro/mini-channel heat dissipation [15]. To this end,
heat transfer enhancement techniques in micro/mini-channel heat sinks are enabling solutions
to deal with the high heat flux cooling issue. Heat transfer enhancement techniques in
micro/mini-channel heat sinks are divided into active and passive heat transfer enhancement
approaches [16]. Active heat transfer enhancement approach takes external energy, such as
adopting electric [17, 18], ultrasonic [19-21], magnetic [22, 23], and other energy fields to the
working fluids while passive heat transfer enhancement approach does not consume external
energy. Passive heat transfer enhancement techniques can be implemented through various
approaches, such as optimizing the cross-sectional shape [24-28] and layout [29-33] of the heat
sink channels, improving the surface wettability, using micro-/nano-structure of surfaces [34,
35], and selecting the type of coolants with excellent thermal and physical properties [36-40].
Fig. 1 shows various typical micro/mini-channels with enhanced structures for enhancing flow
boiling [25, 26, 31, 33, 41, 42]: (a) triangular groove shape channels, (b) twisted tape channels,
(c) embowed groove shape channels, (d) pin-fin rib channels, (¢) wavy shape channels and (f)
longitudinal vortex generator array channels. For instance, Fig. 1(c) shows a microchannel heat
sink consisting of from-sparse-to-dense embowed groove channels which have strong
capabilities in enhancing flow boiling and some shortcomings of flow boiling in a straight
channel heat sink are overcome [31].

In recent years, composite passive techniques, such as combining surface modification and

channel structures with micro/mini-channels, are emerging approaches to enhancing flow



boiling. Under the influence of different channel cross-sectional shapes, layouts, and micro-
/nano-structures, composite enhancement techniques can break the development of the thermal
boundary layer, enhance the local disturbance, promote bubble growth, and suppress rapid
merging of bubbles and achieve sufficient mixing of cold and hot fluids in micro/mini-channels.
This can lead to efficient heat dissipation in micro/mini-channel heat sinks. Composite passive
heat transfer enhancement techniques are divided into single-type combination, such as the
combination of sidewall cavities and ribs [43], and multi-type combination, such as surface
wettability with ribbed channels, micro-/nano-structures combined with ribbed channels and so
on [44-47]. These micro/mini-channels combine the advantages of surface modification and
channel structures.

Combined structures of various types of enhanced micro/mini-channels which integrate
the advantages of each individual enhancement approach have become one of the mainstream
research directions for enhancing flow boiling in recent years. Compared to the smooth inner
wall channels, concave cavity structures arranged on both sides of micro/mini-channel walls or
rib structures placed in the middle of the channels can significantly improve flow boiling HTC
and CHF. This is achieved by enhancing the disturbance to promote the rupture of large bubbles
and avoiding the occurrence of drying and backflow. To a certain extent, this alleviates the
instability of flow boiling in micro/mini-channels. Some studies have found that there are
significant differences in the gain effects produced by different concave cavity types. The
triangular concave cavity can increase the local HTC by nearly 10 times, and the elliptical
concave cavity can achieve a significant advantage of reducing the wall temperature by about

6-10°C [48-50]. The synergistic effect of porous coating structures on micro/mini-channel



sidewalls or ribs and microstructures in micro/mini-channels on flow boiling performance
enhancement is significant. These composite enhancement techniques not only keep the original
heat transfer advantage, but also suppress the occurrence of heat transfer deterioration.

Fig. 2 shows various surface microstructures used for flow boiling heat transfer
enhancement: (a) micro-structured surfaces and micro-nano-hierarchical-structured surfaces
with polydimethylsiloxane (PDMS) coatings; (b) etched surfaces and rose petal surfaces and (¢)
nanoscale structures on the microporous coatings. These composite structures are able to
provide a large number of bubble nucleation sites, increase the density of active bubble
nucleation sites, reduce the obstruction of interphase energy barrier, and promote the
appearance of nucleation points in advance [54]. Just to show one example here, Fig. 3 shows
the effect of the composite microchannel heat sink on the enhanced heat transfer performance
and CHF. On the one hand, the treated surface has advantages over the bare surface in terms of
CHF, HTC, and the degree of superheat at the onset of nucleate boiling. It shifts the boiling
curve to the left and achieves higher CHF. As shown in Fig. 3(a), the required superheat degree
at the onset of nucleate boiling is reduced by about 90%. On the other hand, the composite
structure increases the rewetting ability in the micro/mini-channels, forms a liquid film
evaporation, improves CHF and optimizes the heat transfer performance in the micro/mini-
channels [55]. It is crucial to address the interface thermal resistance between the micro/mini-
channel heat sink and the heating device during the heat dissipation. In addition, the durability
of the micro-/nano-structure of the micro/mini-channels is a critical issue which needs to be
solved. Therefore, extensive research is urgently required to alleviate the drawbacks caused by

these problems. In this aspect, composite enhanced micro/mini-channels combining the surface



characteristic and channel structures have the ability to enhance the local disturbance with high
surface nucleation activity of micro-/nano-structures. They can achieve effective heat
dissipation under high heat flux even at lower mass flux, avoid high-temperature damage areas
on the surfaces and ensure safe operation within a range of suitable temperatures [56, 57].

Modified surfaces have a significant effect on the enhancement of flow boiling heat
transfer in micro/mini-channels. They are able to advance the onset of nucleate boiling and
improve HTC [12, 58, 59]. Nanofluids can achieve similar heat transfer effects as a micro/nano
composite heat sink when it comes into contact with the sidewall surfaces. Singh et al. [60]
investigated the influence process of the convective heat transfer between a nanofluid and
porous wall surfaces. According to the available studies, composite micro/mini-channel heat
sinks integrating with micro/nano characteristics and channel structures can significantly inhibit
this issue.

Although micro/mini-channel heat sinks have a great advantage in flow boiling heat
transfer, two phase flow instability is one of the inevitable issues in flow boiling. Studies on
flow instability in micro/mini-channel heat sinks have been extensively conducted to mitigate
it over the past decades. Wang et al. [61] present a summary of various methods to suppressing
flow boiling instability in different channels and the overall influence trend of instability on
flow boiling heat transfer. Their research presents a good reference for further research on
suppression of flow boiling instability in micro/mini-channels. However, limited studies have
been conducted to explore and understand the mechanisms of the flow boiling in various
enhanced micro/mini-channels with the aim of maximizing the effective heat dissipation

performance.



So far, most of the available review studies on heat transfer enhancement using the
methods of coatings and micro/nano-structures have mainly focused on pool boiling. However,
there is little review available on flow boiling and two phase flow in micro/mini-channel with
surface treatment technique, enhanced micro/mini-channels and composite enhancement
techniques. To fully understand the current status of the research and technology development
of flow boiling in enhanced micro/mini-channels, this paper presents a comprehensive review
of the available studies on flow boiling enhancement techniques and mechanisms in enhanced
micro/mini-channels with the surface characteristics and various structures, composite
enhanced micro/mini-channels for high heat flux dissipation scenarios, highlights the
challenges of the flow boiling enhancement techniques and identifies the future research and

development needs.

2. Micro/mini-channel classification and types of flow boiling enhancement techniques
2.1. Criteria for classification of micro/mini-channels

The criteria for classification of macroscale and micro/mini-channels are strongly affected
by the fluid types, fluid properties, intermolecular forces, gravity, surface tension, inertial forces,
growth and coalescence of bubbles and suppression of nucleate boiling in the channels. The
channel size has a significant effect on flow boiling heat transfer characteristics, flow patterns,
CHF and the mechanisms of promoting nucleation and the essence of preventing the heat
transfer deterioration. Therefore, it is essential to distinct macroscale and micro/mini-channels
in investigating flow boiling and gas liquid two phase flow characteristics in channels.

Flow channels are classified as micro-channels, mini-channels or conventional channels in
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the available studies by some researchers while they are also grouped into macroscale channels
and micro/mini-channels by other researchers. However, there is no agreed criterion for the
classification of the channels although various definitions have been proposed. For example,
Mehendale and Jacobi [62] have classified different channels based on the hydraulic diameters
(Dn). Channels with Dy from 1 um to 100 um are considered micro-channels, those with Dy
between 100 pm and 1000 um are classified as mini-channels, and channels with Dy greater
than 6 mm are classified as conventional channels. Based on engineering practice and
application areas such as refrigeration industry in the small tonnage units, compact evaporators
employed in automotive, aerospace, air separation, and cryogenic industries, cooling elements
in the field of microelectronics and MEMS, Kandlikar and Grande [63] have proposed the
channel classification according to a range of Dn, When Dy, is greater than 3 mm, it is considered
as a conventional channel. Channels with Dy in the range of 200 um - 3 mm are considered as
mini-channels and the range of 10 - 200 um are micro-channels. Fig. 4 shows the comparison
of the channel classification criteria A by Mehendale and Jacobi [62] and criteria B by Kandlikar
and Grande [63]. There are big differences between the two criteria. The classification criteria
of Kandlikar and Grande have been recognized and adopted by many researchers as they are
related to engineering practical applications [64]. However, these classification criteria are
simply based channel hydraulic diameters and lack the physical mechanisms.

Cheng et al. [65, 66] present comprehensive reviews of the flow patterns and distribution
of gas-liquid two-phase flows in micro/mini-channels. They have summarized various channel
classification criteria including those by Mehendale and Jacobi [62], Kandlikar and Grande [63]

and the criteria using dimensionless numbers for classifying conventional channels and
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microchannels. For example, Kew and Cornwell [67] proposed the confinement number Co as

the classification criterion for distinguishing microchannels and conventional channels as:

Co=— [—/—— (D

where Co is the confinement number, o is the surface tension, g is the gravitational acceleration,
p1 and p, are the density of liquid and vapor, respectively. When Co is less than 0.5, a channel
is defined as microchannel.

Triplett et al. [68] adopted the Laplace constant L. to distinguish a microchannel and a

conventional channel as:

L= |—— @)

When Dy is less than or equal to L, it is a microchannel.

Efforts have been made to propose various criteria for micro/mini- and macro- channels
based on experimental studies over the past years. For example, the process of bubble
nucleation and growth in the channels followed by their dischargement raise an important
question regarding whether the channel constrains bubble growth during this process. Existing
experimental data indicate that mass flux can influence the flow pattern in the channels, which
subsequently affects the classification criteria for the channels. Li and Wu [69] have proposed

a criterion that relates mass flux to the hydraulic diameter of channels based on their analysis
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of heat transfer behavior and extensive flow boiling data. The new conventional-to-micro/mini-

channel criterion is as follows:

BdRe,”® =200, Bd =4 3)

where Bd is the Bond number. When BdRe,’ < 200, Nuy, has a strong relationship with BdRe,
and the channel is classified as a micro/mini-channel. Otherwise, it is the conventional

macrochannel. The proposed criterion is as follows:

BdRe,® < 200, Nu,, = 22.9(BdRe,"*

)0.355

4

Harirchian and Garimella [70] have proposed a similar dimensionless criterion for
distinguishing channel types based on a large amount of flow boiling data and their
experimental flow pattern map, which is related to the mass flux and the cross-sectional area.

Their proposed formulas are expressed as follows:

0.5
Bd*Re, = A[M] GD? =160 (5)
Ay =

D=A, (6)

where Bd’>Re is named the convective confinement number, x is the dynamic viscosity, G is
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the mass flux, D is the length scale, and A, is the cross-sectional area of a micro/mini-channel.
For Bd*>Rei < 160, the channel is defined as the microchannel.

There are also other different classifications of the channels [65, 66]. So far, there is no
universal classification criteria for micro/mini- and macro- channels. In this review, flow
boiling enhancement techniques in channels with hydraulic diameters of 0.1 - 3 mm are focused
on. This will help to understand the flow boiling enhancement techniques in a wide range of

channel sizes.

2.2. Types of enhancement techniques for flow boiling in micro/mini-channels

The micro-structures of enhanced micro/mini-channels involve the expansion of surface
area and the change of surface roughness. The expansion of area and the change of surface
roughness can achieve good surface wettability and increase the effective heat transfer area, so
as to increase the effective bubble nucleation point density. More in-depth research has been
conducted on the implementation methods of channel surface characteristics in flow boiling in
micro/mini-channels. Surface treatment process is becoming increasingly mature with
technological advancement. Previous studies employed various techniques such as spraying
[71], vapor deposition [72, 73], electrochemical deposition [74, 75], sintering [76, 77], laser
etching [78-81], chemical etching [82, 83], and hot embossing [84] to modify channel surface
characteristics. These techniques have been used to create modified surfaces on the sidewalls
of micro/mini-channels with more nucleation active sites or micro-nano structure sidewalls with
microlayers. The porous and microlayer sidewalls exhibit strong permeability and capillary

wicking ability, which can enhance flow boiling, improve the surface rewetting effect and
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prevent heat transfer deterioration. In the meantime, the treated channel surfaces contain
numerous air pockets, which can promote bubble nucleation and increase the frequency of
bubble generation and separation from the heat surface. Fig. 5 shows the summary of various
techniques of porous structures on channel surfaces to enhance flow boiling in micro/mini-
channels.

Structural metals are an important technique to enhancing flow boiling in micro/mini-
channels. Foam metal or woven metal mesh, as a type of structural metal with high porosity,
low density and high strength, has been studied for its potential to enhance flow boiling in
micro/mini-channels. Addition of foam metal can also play the effect of porous structure,
improve the surface wettability and surface topology, change the flow boiling mode and heat
transfer mechanisms in micro/mini-channels, and greatly reduce the wall superheat required for
flow boiling, so as to adapt to the increasing heat dissipation scenario [85]. Foam metal can be
used as a material for manufacturing micro/mini-channel heat sinks. It can be used as a separate
material for the channel walls or the channel bottoms and can even be used as a filler in
micro/mini-channels. However, appropriate structural metal heat sink preparation methods
should be chosen based on the actual heat dissipation requirements of the occasion [86-90].

There are other treatment processes such as increasing the surface roughness of
micro/mini-channels or forming the surface of the channels. Various processes have been
developed over the past decades, such as wire-arc thermal spray [91], grayscale lithography
[92], deep reactive ion etching (DRIE) [93, 94], electrospinning [95], and electrical-discharge
machining (EDM) [96]. For instance, EDM technology is used to develop a microstructure on

the heated boiling surface [97], which forms a surface coating with the characteristics required
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for flow boiling enhancement, such as increased porosity and enhanced capillary wicking
capacity. Therefore, as control technology precision continues to improve, use of those
treatment processes to enhance micro/mini-channel flow boiling becomes increasingly wide
applications.

3. Research on flow boiling enhancement in micro/mini-channels

Flow boiling heat transfer performance is affected by the dynamics of bubbles in
micro/mini-channels due to different wetting patterns. Table 1 lists the selected studies of flow
boiling and two-phase flow in enhanced micro/mini-channels with microstructures or coatings.
These studies show that adjusting the characteristics of the inner channel surfaces of the heat
sink has a positive effect on enhancing flow boiling performance in the micro/mini-channels,
achieving enhancement amplitudes ranging from 10% to 200%. In the meanwhile, these
processing techniques also provide strong data support for future research on new heat transfer
enhancement techniques using microstructures and coatings in micro/mini-channels.

Kim et al. [98] proposed three non-uniform wetting patterns: crosswise pattern, parallel
pattern and dotted pattern, and studied the heat transfer performance and bubble movement
mode under different conditions. These non-uniform wetting patterns are shown in Fig. 6. The
difference between these patterns results in varying nucleation point densities and rewetting
abilities, leading to non-uniform wetting patterns. There should be an optimal value of heat
transfer. In the non-uniform wetting patterns, the proportion of hydrophilic and hydrophobic
stripes is a crucial research content. If the hydrophobic fringe pattern is too wide or too narrow,
it can negatively impact the heat transfer process. If the hydrophobic stripe is too narrow, it can

reduce the nucleation density point of the bubble. Conversely, if the hydrophobic stripe is too
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wide, the bubbles will be confined to this region and may not be discharged in time, which is
detrimental to the heat transfer process. Experimental analysis shows that the optimal
proportion of hydrophobic area in parallel pattern is the same as that in dotted pattern, at
approximately 32%. However, the optimal proportion in crosswise pattern is much smaller, at
only about 16.5%. In addition, significant difference in bubble merging behaviors exists
between different patterns. The rewetting liquid required by the hydrophobic region can be
replenished from the hydrophilic region due to the alternating distribution of hydrophilic and
hydrophobic stripes, and the bubbles formed in the hydrophobic region can be separated in time.
This can prevent the growth of bubbles without limit and effectively inhibit the merger between
bubbles. Moreover, when the stripe direction is perpendicular to the flow direction, the non-
uniform wetting surface can increase the heat transfer coefficient by almost 40%, and this
represents a significant improvement compared to previous studies [99]. In the non-uniform
wetting, a gradient wettability surface can enhance flow boiling heat transfer and suppress flow
instability. Tan et al. [100] prepared gradient wetting surfaces using 1.0 M sodium hydroxide /
0.05 M ammonium persulfate solution and 1 wt% fluorosilane ethanol solution. This surface
has a gradient wetting property, with hydrophobicity upstream and hydrophilicity downstream,
and it can increase the disturbance frequency in the microchannel under high heat flux,
preventing the rapid aggregation and merging of bubbles, which leads to enhance flow boiling
heat transfer. Gradient wetted surfaces can improve the comprehensive enhancement benefit by
over 50% due to their upstream enhanced nucleation and downstream enhanced fluid
supplement, making it become a widely applicable enhancement method in the field of flow

boiling heat transfer. Lioger-Arago et al. [101] applied a hexagonal-shaped mask to deposit
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SiOC coating on the substrate surface, creating a non-uniform wettability surface as shown in
Fig. 7. By comparing the heat transfer coefficient changes at different channel positions and
mass flow rates, it shows that the heat transfer coefficient appears a peak value with the increase
of heat flux. This means that it gradually increases before the drying occurs during the heat
transfer process. In addition, the HTCs at the upstream position in the mini-channel are
generally higher than those at the downstream. However, the HTCs do not always follow the
afore-mentioned trend at all heat fluxes, excessively high or low heat flux can negatively impact
heat transfer in the channel, preventing it from reaching optimal conditions. Compared to the
porous coating surface of polymer-derived ceramics (PDC), the SiOC coating is less sensitive
to flow boiling enhancement. The CHF is increased by about 10% at low mass fluxes, and is
only a quarter of that on the PDC porous coating surface. Therefore, the porous structure plays
an import role in flow boiling heat transfer enhancement.

Flow boiling heat transfer in micro/mini-channels can be enhanced by modifying the
surface wettability. There are some differences in the nature of bubble nucleation from
alternating hydrophilic and hydrophobic surfaces to porous coated surfaces. The former uses
hydrophobic surfaces to reduce the barriers of bubble nucleation, while the latter increases the
bubble nucleation density. When studying the enhancement of flow boiling heat transfer on a
porous surface coating, it is important to ensure that the thickness and coverage of the coating
are uniform, the adhesion is strong, and the coating does not easily fall off. The ABM (‘A’ is
aluminum particles, ‘B’ is brushable ceramic epoxy, ‘M’ is methyl ethyl ketone)) coating used
in the surface does not show any signs of falling off after 110 hours of boiling. The use of porous

coatings can easily increase the average HTC by 1.5 times while the HTC and CHF can be
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increased by 2.5 times and 2 times respectively when the coating pore size and thickness are
optimized. This demonstrates the substantial benefits of utilizing such coatings [102]. However,
experimental research has shown that not all porous coatings can enhance boiling heat transfer.
The process depends on the coating thickness and the size of the surface coating micropore,
which in turn is affected by the particle size. Therefore, the performance of boiling heat transfer
is also affected by the size of the coating pore. Zhang et al. [76, 103] and Mao et al. [104]
prepared a porous structured coating with different dendritic copper particle sizes on the
microchannel surfaces. Copper particles of different sizes were selected in the size range of 10
pm - 150 pm to be coated on the surfaces. Fig. 8 displays the SEM pictures of the porous
surfaces created by sintering copper particles with varying diameters. It can be seen that the
surfaces formed by larger particle diameters contain more large-sized pores. The experimental
results show that the sizes of the particles have a significant effect on flow boiling HTC and
CHF in the microchannels. There is an optimum value of the particle sizes. If the size exceeds
this, the overall performance of boiling heat transfer in micro/mini-channels cannot reach the
expected effect and the opposite trend occurs. By comparing the heat transfer behaviors of on
the coatings having different copper particle sizes, it is found that boiling at high heat flux is
mainly capillary evaporation, that is, thin liquid film evaporation, which is different from
nuclear boiling at low heat flux. The coating with a particle size in the range of 90 um - 120 pm
shows the expected effect and achieves the highest CHF as shown in Fig. 9. The timely supply
of liquid in the channel is the essence of the effect of size on boiling heat transfer. It is also the
effect of the interaction between particle diameter and coating thickness. Although the porous

metal coating plays a very important role in improving the heat transfer, there is a problem
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which needs to be considered with this type of coating. Whether the metal coating particles will
be oxidized during the use of this process and its enhancement effect will be weakened, or even
be failed. The range of optimal particle size for efficient heat transfer in the micro/mini-channel
is also affected by the cooling medium [105]. The basis for optimizing the heat transfer
characteristics in the micro/mini-channel is the change of wettability and the presence of
microporous structure [ 106]. Not only the cooling medium affects the heat transfer, but also the
influence of the coating type is very obvious, which is mainly due to the difference in the pore
structures of the coatings, and the larger particle size has more advantages. Compared with the
smooth surface, the TiO> coating surface can increase the CHF by about 20% while the Al,O3
coating surface can increase the proportion to about 25%, showing a better heat transfer
improvement effect [107]. Fig. 10 shows the SEM pictures of the surface microstructures of the
two coatings. The flow boiling heat transfer is enhanced by filling the porous structures in the
micro/mini-channels, which is consistent with that by using the porous inner-wall in the
channels. The presence of a large number of cavities and gaps creates favorable conditions for
activating bubble nucleation [108]. Therefore, designing multifunctional structures is crucial to
enhancing flow boiling performance in micro/mini-channels. Ahn et al. [109] utilized the
advantages of carbon nanotubes to form the two-tier vertically aligned multiwalled carbon
nanotube (VAMWNT). The number of bubble nucleation microcavities increases with the
aggregation of carbon nanotubes while also limiting the growth of bubbles. This structure
creates a distinct channel that efficiently separates vapor from the liquid flow area. This
prevents vapor from deteriorating the heat transfer phenomenon and enhances heat transfer

performance within the channel. The structure exhibits excellent heat transfer performance

20



under various heat flow and steam quality conditions. The structure exhibits excellent heat
transfer performance under most various heat flux and vapor quality conditions. Even when the
CHF is not reached, the HTC is significantly higher than that using other heat transfer
enhancement techniques.

The two main methods to enhancing the thermal performance in micro/mini-channel heat
sinks are to improve heat transfer efficiency and suppress flow boiling instability. The main
methods to improving heat transfer efficiency are to increase the overall flow boiling HTC, the
CHF and reduce the wall superheat required at the beginning of boiling. However, preventing
nucleation bubbles from growing and merging quickly is the key to inhibiting flow boiling
instability in the micro/mini-channel heat sink, and the generated vapor must be discharged
promptly. Therefore, the surface microstructure is undoubtedly one of the main factors to
enhance boiling heat transfer in micro/mini-channels. Both the coating microstructure and the
etched microstructure play the same role in enhancing flow boiling essentially. Modifying the
microstructures of micro/mini-channel surfaces increases the number of tiny cavities or gaps,
providing more vaporization core, promoting nucleation separation of the bubble, and inhibiting
rapid growth of the bubble. In addition, this method can increase the direct heat transfer area
between the channels and the flowing liquid to improve the flow boiling performance in the
micro/mini-channels. In the meanwhile, the modified microstructures can also improve the
capillary wicking ability of the contact surface to some extent and promote rewetting,
significantly delaying the formation of the vapor film and preventing the formation of
continuous drying areas in the micro/mini-channels [110, 111]. Alternatively, the

microstructures may exhibit micro layers, which can trigger a more efficient mechanism of thin
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liquid film boiling in the channels. As electronic devices generate higher heat flux, the space
available for heat dissipation becomes limited. Consequently, the requirements for micro/mini-
channel flow boiling heat dissipation become increasingly stringent. Enhancing flow boiling
heat transfer needs to adopt a more effective improvement of new ways. Inspired by the nature
case of efficient heat dissipation, periodic changes may be a very promising development
direction. Porous microstructures such as carbon nanotube coatings and sintered metal particle
porous coatings are selected through segmentation in the micro/mini-channels to achieve the
gradient wetting mentioned by Tan et al. [100] or to form a circulating microstructure, keeping
the liquid film in the development stage without the occurrence drying. However, different
treatment processes can increase the difficulty of processing the micro/mini-channel heat sink,
which may become the key to controlling the increase of flow boiling heat transfer in the future.
So far, significant improvements of heat transfer performance in channels have been achieved
by using some enhancement techniques. These enhancement effects can fulfil the necessary

heat dissipation requirements of micro/mini-channel heat sinks.

3.1. Research on flow boiling in enhanced micro/mini-channels with surface modification
techniques
3.1.1. CHF enhancement in micro/mini-channels

Table 2 summarizes the selected studies of the surface modification techniques to flow
boiling heat transfer enhancement in micro/mini-channels. The advantages of surface
modification techniques in flow boiling heat transfer enhancement are obvious according these

studies. In particular, the enhancement effect is almost doubled through the superposition of the
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treatment methods or the mixing of surface materials. CHF enhancement is crucial to flow
boiling in micro/mini-channels. Research of CHF enhancement using surface modification
techniques in micro/mini-channels has been extensively conducted in recent years. Wang et al.
[71] created porous 316L coatings ranging from 80 um to 120 um in size on the surface of
SAS508 steel using a direct spraying process. The cooling time of heating surface is significantly
reduced as compared to that of an ordinary surface under the same conditions, with a reduction
of over 56%. The heat transfer performance has been significantly improved by the porous
coating and the CHF has increased by about 30%. Surface wettability is a crucial parameter in
micro/mini-scale boiling heat transfer. The dynamics of bubbles in micro/mini-channels is
affected by heat transfer performance due to the surface wettability. Modifying the surface
wettability at the solid-liquid interface can significantly improve the CHF. Khanikar et al. [73]
developed a type of carbon nanotubes (CNTs) coating for copper-based microchannels to
improve flow boiling heat transfer and CHF. They added the multilayer metal catalysts in
coating. It shows that the addition of catalyst can reduce the thermal resistance between the
CNTs coating and the copper-based surface, thereby enhancing the durability. However, during
a long period of flow boiling heat transfer experiments, the surface morphology of the CNTs
coating was changed as the carbon nanotubes was washed by the fluid. Fig. 11(a) shows obvious
bending and overlapping, forming a unique “fish scale” shape. Although the durability of the
coating has been improved, its rigidity may limit its performance. After repeated experiments,
it was found that CNTs gradually lost their enhancement effect on the CHF due to the strong
shear force, and the maximum decrease in the CHF exceeds 30% compared to that in the first

test. Therefore, the rigidity of this coating under the experimental conditions of high mass
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flowrate needs further strengthening. Kumar et al. [112] improved the adhesion between the
copper surface and the CNTs coating by using sandblasting treatment and a diamond
intermediate layer to alleviate the durability. Fig. 11(b) illustrates the diamond intermediate
layer and the CNTs coating attached to its surface. Flow boiling experiments were conducted
at different mass flow rates to investigate the effect of CNTs coating on flow boiling heat
transfer. The coating can significantly enhance flow boiling heat transfer, particularly at low
mass fluxes when the CNTs remain in a vertical state which provides a higher bubble nucleation
density and enhances the local disturbances, resulting in enhancing flow boiling performance
and increasing CHF by 21.9% at the mass flux of 283 kg/(m?s). Fig. 12 shows the trend of
enhanced heat transfer of CNTs coatings with various mass fluxes. It shows the same trend as
that of Khanikar et al. [73] and the enhancement effect is reduced as the mass flux continues to
increase. Kousalya et al. [113] prepared a CNTs coating with a non-uniform wetting region that
has alternating superhydrophilic and superhydrophobic streaks. The relevant coating
microstructures and the alternating non-uniform  wetting patterns of  the
superhydrophilic/superhydrophobic surfaces are shown in Fig. 11(c). This coating is formed by
graphitic petal-decorated carbon nanotubes (GPCNTs). The graphitic petals are a carbon
nanostructure comprising of stacks of graphene layers standing vertically on a substrate. By
adjusting the area fraction of the superhydrophilic region, the flow boiling heat transfer
performance can be improved. It indicates that a non-uniform wetting coating surface can
significantly enhance flow boiling heat transfer performance as compared to a uniform wetting
surface. When the area fraction of the superhydrophilic region is between 66% and 85%, higher

heat transfer performance can be achieved, and bubble nucleation can be triggered earlier. On
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the one hand, the hydrophobic property reduces the nucleation barrier, while the porous
structure increases the bubble nucleation density. On the other hand, addition of a higher
proportion of hydrophilic streaks greatly enhances the coating rewetting ability, which
stimulates the thin liquid film boiling and improves the CHF by regulating this area fraction.
Porous coatings not only increase the density of nucleation points but also promote liquid
penetration. When the liquids penetrating the cavities can be connected together, they can
stimulate a thin liquid film boiling with higher efficiency. Graphene nanoplatelets (GNPs)
coatings are one of them, and their ultrafast liquid permeability is the main factor in enhancing
heat transfer and their tunable wettability makes them one of the highly popular coating
materials. Sia et al. [114] combined graphene nanoplatelets with silver-filled epoxy (GNPs/SE)
and carbon-filled epoxy (GNPs/CE) respectively, to achieve tunable wettability
(superhydrophilic, hydrophobic and superhydrophobic) in the minichannel surfaces by the
thermal curing process. Then, they investigated the enhancing effect of this coating on flow
boiling heat transfer performance. Fig. 13 shows the schematic diagram of the heat transfer
enhancement mechanisms of the coatings. The superhydrophilic surface has a higher density of
nucleation sites than other surfaces. The enhanced heat transfer trend is due to the nano capillary
network of the superhydrophilic GNPs/SE coating, which accelerates liquid permeability to
form the rapid rewetting action and efficient thin liquid film boiling heat transfer. This avoids
drying up during flow boiling, resulting in increasing the CHF by up to 59.5% at lower mass
flowrates. Therefore, the coating is more conducive to flow boiling heat transfer. The ultrafast
liquid permeability of the GNPs coating is a unique phenomenon in the research of enhancing

flow boiling heat transfer. While the liquid permeability can create an efficient thin liquid film
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boiling for heat transfer, but it is not that the faster the permeability, the better the heat transfer.
However, if the liquid penetration rate is too fast, it can hinder the timely discharge of vapor
between the interlayers, leading to discontinuity of thin liquid film boiling and a reduction in
boiling heat transfer performance. Subsequently, the preparation process for hydrophobic and
superhydrophobic coatings was altered, and the effect of flow boiling in the coating channels
was investigated [115]. However, the performance of the superhydrophobic coating with
improved process contradicts conventional understanding, which is superior to that of the
superhydrophilic surface. It can increase the CHF by 134% at the mass flowrate of 57 kg/(m?s)
while the superhydrophilic surface can only achieve about half of it, which is about 71.8%. This
interesting trend is caused by the pressure-induced wetting transition of the superhydrophobic
coating from the Cassie-Baxter to the Wenzel states, and this can easily achieve the detachment
of pinning bubbles, resulting in lower wall temperatures. This process is illustrated in Fig. 14.
Selecting an appropriate coating treatment process can improve the durability of the
porous coating, enhance adhesion between the coating and surface, and extend the lifespan of
the porous coating. Cu-TiO2 nanocomposite coating was prepared on a copper surface using
electrochemical deposition technology and the heat transfer characteristics of flow boiling were
studied using deionized water as the cooling medium [116]. The coating was obtained by
applying different current density deposition, and then the porous structure was increased at a
lower current density to form the final nano-composite coating. The coating exhibits good
adhesion to the copper surface and is very suitable for practical heat transfer environments. The
experimental results indicate that the CHF increases by up to 92% when compared to that on

the bare copper surface. Addition of a porous coating surface greatly improves the surface
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roughness and the density of nucleation sites, as well as the surface wettability, which makes
the onset of nucleate boiling (ONB) appear earlier. Therefore, the flow boiling heat transfer
performance is enhanced. This technology involves applying an electric field twice for coating
deposition, and the comparison of microstructure created by the bare copper surface as shown
in Fig. 15. However, a different electrochemical deposition technology has been proposed in
subsequent research. In this new technique, the low current density deposition coating in the
second step is replaced with a sintering treatment method. By using this new electrodeposition
technology, a Cu-TiO2 coating with higher thermal conductivity, greater stability and higher
porosity can be obtained. After once sintering, the coating can increase the CHF by 143%,
approximately 1.5 times, and the wall temperature decreases by more than half, demonstrating
excellent flow boiling heat transfer performance [117]. Therefore, this new technique is
currently a cutting-edge technology for enhancing flow boiling. Porous metal oxide coatings
are a suitable option for enhancing flow boiling heat transfer. Gupta et al. [118-120] prepared a
Cu-ALOs coating with different processing techniques. It reduces the wall superheat required
for boiling initiation and achieve a similar flow boiling heat transfer enhancing effect as the
former. When this coating prepared using a single-step electrodeposition method which is
required sintering treatment after once electrodeposition, the surface nanoparticles expand and
improve adhesion after the sintering step. The performance of the coating is significantly
affected by the current density during this process. Increasing the current density effectively
improves the CHF. The maximum augmentation in the CHF on this coated surface is achieved
up to 86% as compared to that on the bare surface, which is mainly attributed to the sharp

increase in bubble nucleation sites. While this coating surface prepared using a new four-step
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electrochemical technique (two-step of deposition and two-step of sintering in reducing
atmosphere) exhibits several advantageous properties, especially in terms of adhesion. First, a
deposition-sintering process is used to generate a porous coating on the substrate surface.
Second, the deposition-sintering process is again used to deposit a layer of porous coating on
top of the existing coating. However, using a lower current density during the first treatment
process results in better surface performance during flow boiling. This is because some particles
did not deposit in the micropores of the existing porous surface during the second deposition.
As shown in Fig. 16, the growth of nanoparticles on the surface is more pronounced and the
right is more obvious. The surface of the right coating can increase the CHF by about 176%.
On the one hand, the surface porosity increases by about 14.5% as compared to that on the left
coating surface, which significantly increases the density of nucleation sites. On the other hand,
the increase of porosity promotes the reduction of drying areas with this structure, improves the
wettability of the coating surface and enhances the boiling heat transfer performance in the
minichannels. In their recent research, a two-step approach was used. The microstructure of the
coating surface becomes more prominent with the porous coating prepared by the two-step
electrochemical deposition method. This results in better heat transfer performance and up to a
93% increase in the CHF. The improvement of the porosity and the CHF with different
processing techniques is shown in Fig. 17. The Cu-Al2Os3 porous coating exhibits highly stable
hydrothermal properties. It can be effectively prepared through a combined process, making a
more practical option with promising application prospects.

Laser etching is one of the surface treatment processes [121, 122]. Laser etching

technology is a high-precision and high-efficiency processing method and uses the high energy
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density of a laser beam to process the surface of metals or non-metals. This non-polluting
process creates grooves or microstructures which can improve nucleation density, increase
surface wettability and enhance the flow boiling heat transfer performance. Lim et al. [81]
proposed a new technique for enhancing flow boiling heat transfer in minichannels using
femtosecond lasers. They prepared three surfaces with different nano-structures, including
laser-induced periodic surface structure (LIPSS), micro-groove covered clustered cavity by low
fluence (MGCC-LF), and micro-groove covered clustered cavity by high fluence (MGCC-HF)
as shown in Fig. 18(a). The laser-induced boiling surfaces exhibit micro-/nano-structural
characteristics. However, there are significant differences in the characteristics of different
surfaces and these can be clearly seen from Fig. 18(b). For instance, LIPSS exhibits a dense
surface structure while MGCC-HF has a surface structure with a large number of cavities and
gaps. Despite having significantly more nucleation sites than the bare surface, LIPSS is not very
active in promoting bubble growth. This results in a significantly shorter detachment diameter
and growth cycle compared to the bare surface. The surface only increases the number of
cavities required for bubble nucleation but does not promote bubble growth. This is why the
CHF on the surface decreases instead of increasing. The density of bubble nucleation sites on
the surface of MGCC-LF is significantly higher than that on the bare surface. This activates the
surface cavities, promotes the growth of bubbles and increases the CHF by over 30%. However,
the strong hydrophobicity prevents the nucleation site from replenishing liquid in time after
bubble detachment, resulting in a significantly lower heat transfer coefficient than other
surfaces. While MGCC-HF exhibits a unique explosive nucleation phenomenon during the

boiling process, which can significantly enhance its heat transfer performance. As compared
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with the plain copper in Fig. 19, the trend of the CHF variation on the surface formed after laser
induction and the change in CHF can be obviously reflected. The laser etching process can
create numerous additional nucleation sites in microchannel surfaces. The micro/mini-channel
surfaces can be modified by adjusting the properties and power of the laser, creating numerous
nucleation cavities and enhancing the re-wetting ability. Laser etching technology is highly
applicable to metal surfaces and has become an important method for the surface treatment of
metal micro/mini-channel heat sinks [123]. Surface wettability is a crucial parameter in
microscale flow boiling phenomena in micro/mini-channels, where the characteristics differ
from those in macrochannels. Laser etching can create the desired microstructure in metal- or
non-metal-based channels, increasing nucleation sites or promoting rewetting. Furthermore, the
creation of microstructure surface by laser etching does not require the consideration of
adhesion. To some extent, this increases the lifespan of micro/mini-channel heat sinks. The
increasing popularity of bionics in heat dissipation has led to widespread attention in the
industry towards laser etching technology due to its many advantages, including high precision,
process controllability, and low thermal effects. Surface morphology can be affected by various
factors such as energy density, laser wavelength, duration time, and laser overlap, which in turn
can alter the wettability of the micro/mini-channel surfaces [124, 125]. The excellent parameter
adjustability of this technology further enhances its practicality in this field.

The treatment of the metal micro/mini-channel microstructures also involves chemical
etching method. The micro-/nano-structures formed by this treatment can significantly enhance
the thermal performance of micro/mini-channel heat sinks and even the system as a whole. In

the meanwhile, those structures facilitate bubble nucleation and improve the heat transfer
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mechanism, thereby maintaining the system in a relatively stable and efficient state [83, 126,
127]. The surface treated with acid base solution etching provides numerous nucleation cavities
for vaporization and exhibits good rewetting ability during boiling heat transfer. However, as
the heat flux increases, this advantageous mode is disrupted, and the rewetting cycle increases
sharply, even making it impossible to perform secondary wetting and leading to a decline in
heat transfer performance [128].

One ideal way to ensure optimal flow boiling heat transfer performance is to regulate the
microstructure in the micro/mini-channels. This maintains boiling in the nucleating boiling
stage for an extended period and in a regular cyclic state in the micro/mini-channels. Both
chemical etching treatment and laser etching treatment technologies can significantly enhance
durability and extend service life. For instance, using hydrochloric acid (HCI) to etch the
aluminum surface is a highly scalable and cost-effective method for preparing highly durable
superhydrophilic surfaces. The etched surface exhibits greater structural strength, enabling it to
withstand high-strength impacts from high mass flow rates. Furthermore, it is not as fragile as
some nanowires structural, and it does not result in adhesion failure or interface thermal

resistance [129-133].

3.1.2. Flow boiling heat transfer enhancement in micro/mini-channels

Flow boiling heat transfer in micro/mini-channels strongly depend on the surface
characteristics of the channels. Using porous surfaces is a promising flow boiling heat transfer
enhancement technique. The rapid liquid replenishment on the nanocomposite porous coating

surface accelerates the detachment frequency of bubbles while the ultrafast liquid permeability
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speeds up the nucleation of bubbles in cavities, thereby enhancing flow boiling heat transfer.
Aravinthan et al. [134] prepared a nano-roughened silver surface on the inner surface of the
copper tube through a simple chemical reaction, and then dipped it in a 1-mM solution of
heptadecafluoro-1-decanethiol with hydrophobic groups to create hydrophobic tails projecting
outwards from the surface. This technique increased the surface roughness by approximately
120%, therefore this surface has more noticeable surface particles. The surface structure
provides favorable conditions for bubble nucleation and is positively correlated with
experimental comparisons between treated and untreated surfaces. The maximum HTC of the
hydrophobic coating is increased by over 20% at low mass flow rates, but the increase of HTC
declines with increasing the mass flux. Mass flux significantly influences flow boiling heat
transfer in micro/mini-channels. A high mass flow rate can reduce part of the benefits of the
enhanced heat transfer on the porous surface. Therefore, it is essential to maintain the enhanced
heat transfer capacity of the porous coating at high mass flow rates and strengthen the research
on the practical applications of micro/mini-channel heat sinks using modified porous coatings.

Porosity is one important parameter in evaluating flow boiling on porous surfaces. The
porosity of the porous sintering coating is defined as the ratio of the volume of voids in coating
to the volume of the entire coating, which is gained by the mass difference before and after

sintering [135]. The formula is as follows:

p=1-—"" ™)

where ¢ is the porosity, J, is the mass difference of a material before and after sintering, and
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pcuVcu represents the mass of dense material with the same volume as the porous coating.
Fig. 9 shows that the porosity increases with increasing the average particle diameter, following
a monotonically increasing trend. However, the porosity trend of the porous coating prepared
by Zhang et al. [135] differs, as shown in Fig. 20, showing a trend of first decreasing and then
increasing with the increase of particle diameter. The difference between the two trends is
primarily in the preparation of the coatings. In the former, pressure is applied to ensure complete
contact between the copper powder and the copper base before sintering. In the latter, copper
powder is mixed with anhydrous ethanol to form a slurry that is spread evenly over a copper
substrate, the required coating thickness is achieved through gravity, followed by evaporation
of anhydrous ethanol. In addition, there is also variation in the sintering temperature for coatings
with different particle sizes. There are significant variation of the porosity and surface
microstructures. After sintering, small particles agglomerate, which instead increases the
porosity of the coating. The SEM images of various porous surfaces are shown in Fig. 20(a).
Experimental analysis demonstrates that a coating of 75 um can increase HTC up to 114.5%.
The coating of 75 um has fast permeability and high liquid storage capacity, while the surface
coating of 13 um penetrates slowly but has a high liquid storage capacity and a long penetration
time, so that both types of surface coatings exhibit good heat transfer ability. Furthermore,
sintering porous coatings can easily solve the issue of the porous coating thickness which is key
parameter in enhancing flow boiling heat transfer.

Due to the significant impact of particle diameter on the heat transfer enhancement
performance, the selection of coating particle diameter and thickness is crucial to the heat

transfer enhancement. It is important to comprehensively consider these factors to meet the
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enhanced heat transfer needs in practical scenarios. Research has shown that porous thin
coatings are effective in enhancing flow boiling when the coating thickness is smaller than the
thermal boundary layer [136, 137]. Porous coatings can provide adequate vaporization cores
during boiling heat transfer, which can be divided into internal pores and surface cavities. The
internal pores generate thin liquid film boiling, resulting in high heat transfer performance. In
addition, the surface cavity is very advantageous in increasing the density of vaporization cores
and reducing wall superheat when compared to that of conventional surfaces [138]. Therefore,
when studying the enhancement of flow boiling heat transfer on the porous coatings, it is
necessary to implement external interventions or improvement measures to increase the number
of internal pores in the coatings. This can achieve higher bulk porosity and reduce the number
of ineffective closed pores in the coatings, and this is of great significance for further improving
the flow boiling heat transfer performance [139-141]. The surface of micro/mini-channels can
have a porous structure not limited to a coating, and a porous woven tape structure. A complete
heat sink sintered with metal particles can also enhance flow boiling heat transfer. He et al. [77,
142] proposed a bi-porous minichannel heat sink (BPM) sintered with the copper woven tape
on the surface of the copper woven tape. As shown in Fig. 21(a), there are two kinds of pore
structures, comprising cavities formed by copper strands and crevices formed by copper wires.
This structure enables liquid to penetrate the woven tape, increase the density of bubble
nucleation sites and further enhance the heat transfer capacity in minichannels. Experimental
research has shown that the wall superheat required for bubble nucleation during flow boiling
heat transfer of this structure is significantly lower than that of plain surface minichannels

(PSM). It results in an increase of the HTC by over 2.5 times, and after converting energy
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efficiency, an improvement of about 1.2 times can be achieved. In the meanwhile, the diameter
at which bubbles nucleate in the channels is significantly smaller than in smooth surface
channels. As shown in Fig. 21(b), the diameter of bubbles formed on the surface of BPM is
significantly smaller at G = 253 kg/(m?s) and the effective heat flux gesr= 11.2 kW/m?2. Another
possible explanation is that the uneven surface of the copper woven tape increases the local
disturbance during flow boiling in the channel. This promotes the rapid detachment of bubbles
from the surface, increases the frequency of bubble detachment and reduces the possibility of
merging between bubbles. As a result, the heat transfer performance of flow boiling is
effectively improved. Yin et al. [143] investigated the effect of a complete heat sink sintered
with copper particles on the flow boiling heat transfer enhancement. Fig. 22(a) illustrates the
comparison of the surface microstructures between a porous heat sink and a solid heat sink, and
the SEM image on the right displays the microchannel surface that is randomly distributed with
a large number of cavities. The boiling curve in the sintered porous microchannel heat sink
shifts to the left as compared to that in the solid copper heat sink. The wall temperature is
reduced by about 15°C at the high heat flux which demonstrates a significant advantage in the
flow boiling heat transfer for the heat dissipation. Fig. 22(b) shows the schematic diagrams of
the bubble nucleation and growth in the two microchannels. The capillary wicking ability of
the porous wall is enhanced due to the numerous internal pores in the channel ribs after sintering,
enhancing its rewetting ability. This prevents local drying by ensuring timely replenishment of
the flowing liquid. In addition, it increases the nucleation sites of bubbles, thereby improving
their nucleation rate. At high heat fluxes, the pores deep within the rib walls are also activated,

and the HTC is improved up to 2 times than that of the solid copper heat sink. The channel size

35



also has a significant impact on the enhanced heat transfer performance of copper powder
sintered porous structures. Selecting an appropriate channel size can result in heat transfer
enhancement [144]. Furthermore, porous structures can enhance efficient thin liquid film
boiling heat transfer during flow boiling in micro/mini-channels. The porosity of these
structures can be increased by mixing particles with different diameters or applying external
energy, which can reduce the number of ineffective closed pores, enhances the liquid storage
capacity of internal cavities and ensures the continuity of thin liquid film boiling.

Several studies have attempted to sinter metal fibers. Surface adhesion with an appropriate
thickness of sintered metal fibers can effectively reduce the wall superheat required for the
bubble nucleation and achieve higher porosity at the same thickness [145, 146]. This
characteristic is very beneficial to flow boiling heat transfer. Therefore, sintered metal fibers
are expected to become one of the main techniques for flow boiling heat transfer enhancement
in micro/mini-channels. Furthermore, the CHF enhancement techniques discussed in the
previous section can improve the flow boiling HTC. For instance, as compared the GNPs
coatings to the uncoated surface [114, 115], the superhydrophilic coating has a higher flow
boiling HTC than the uncoated surface. The superhydrophobic surface with unique properties
has the ability to increase HTC up to 135%. Moreover, the Cu-TiO: coating can increase HTC
by 94% to 153% [116, 117]. The Cu-Al>03 coating can increase HTC by up to 200% [118-120].
Fig. 23 shows the comparison of CHF enhancement with different Cu-Al,O3 coatings formed
by three different methods including single-set electrodeposited technique, two-step
electrodeposited technique and four-step electrochemical technique.

According to the available studies, the mechanism of coating-enhanced heat transfer is due

36



to the porous structure on the coating surfaces. This structure increases the nucleation active
site density and the rewetting ability in micro/mini-channels. As a result, the frequency of
bubble generation during the flow boiling heat transfer increases and thus accelerates the
detachment rate of bubbles. This process does not result in continuous drying areas in the
micro/mini-channels and thereby enhancing the flow boiling heat transfer. There are two
potential enhancement methods to enhancing flow boiling heat transfer through porous
structures. One is the layered structure coatings which create an ultra-thin interlayer structure
to achieve efficient interlayer thin liquid film boiling. Therefore, future research should focus
on the coating materials which can generate layered structures, such as graphene nanoplatelets
and other two-dimensional materials with interlayer structures. The other one is high porosity
coatings, such as sintered metal fibers. The coatings can achieve a higher wetting surface area
and nucleation site density at the same volume, and thus enhance flow boiling heat transfer in
micro/mini-channels. These composite techniques have enormous potential to enhancing flow
boiling heat transfer. Future research should be focused on the mechanism of the composite
enhancement techniques to determine the coordinated proportion of each individual technique
in flow boiling heat transfer enhancement in micro/mini-channels. As the utilization of
fluorinated fluids becomes increasingly prevalent and porous coating technologies are
continuously advanced, it is meaningful to establish the correlation pertinent to these composite
techniques. Furthermore, new composite enhancement techniques should be researched and

developed in future.

37



3.1.3. Two phase flow patterns in enhanced micro/mini-channels

Surface coatings not only affect heat transfer but also significantly impact the flow patterns
of flow boiling in micro/mini-channels. Flow patterns are intrinsically related to flow boiling
heat transfer and CHF and can explain the underneath mechanisms. Lee et al. [147] compared
the flow boiling heat transfer and flow patterns in microchannels with porous coatings to the
channels without coatings. The coated surface has more nucleation sites and a higher frequency
of bubble generation. In addition, no significant differences in the types of flow patterns are
observed on the coated surface and the uncoated surface. However, the porous coating advances
the transition time of flow patterns in the microchannels, causes the local disturbance effects
and increases the actual contact surface area. As a result, continuous wall drying region does
not occur in the annular flow regime. Choi et al. [148] observed elongated bubbles accounting
for more than half of the entire channel length as shown in Fig. 24. In addition, the wettability
of the channel surface significantly affects the heat transfer. The thin liquid film boiling heat
transfer mechanism can suppress the occurrence of local drying points, thereby improving heat
transfer at the same level. Sia et al. [114] have found that there is a notable difference in boiling
condition between the uncoated channels and those with superhydrophilic or superhydrophobic
coatings as shown in Fig. 25. As compared to the uncoated surfaces, the hydrophobic surfaces
are easier to produce bubbles. However, these bubbles tend to merge together and form larger
bubbles that stick to the channel surface and are difficult to detach, leading to a sharp decrease
in the number of effective nucleation sites. Lu et al. [149] studied flow boiling in enhanced
microchannels formed by sintering of mixed copper powders with different particle sizes. It

shows that the mixed coating can achieve a higher effective heat flux, and more nucleating
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bubbles appear in the microchannel with coating of mixed particle sizes. Even when the heat
flux exceeds 90 W/cm?, the channel is still dominated by the annular flow. However, the local
drying phenomenon has already occurred in microchannels with coating of single particle size,
showing a trend towards heat transfer deterioration. Therefore, it is important to consider the
different particle size components in the mixed particles when studying the improved flow
boiling performance in the sintering coatings.

Certain nanoscale surface structures can rapidly enhance the capillary wicking ability and
thus facilitate liquid rewetting. However, some of these structures may not be suitable for timely
vapor discharge. Conversely, micro/mini-scale structures exhibit opposite trends. They can
discharge vapor timely, but lack significant capillary wicking ability in such structures, which
results in the inability to rewet in time after discharge the vapor. This leads to drying regions
and a decline in heat transfer as the boiling process continues. Therefore, combination between
nanoscale and microscale structures becomes an important approach to enhancing flow boiling.
Flow boiling heat transfer has certain drawbacks when using a single wetted surface. Under
specific laser etching conditions, a super-wettability surface is formed. It has raised
microstructures near the treated micro grooves as shown in Fig. 26. The microstructures can
provide favorable conditions to enhance flow boiling. Subsequent treatment leads to the
formation of a biphilic surface, which can further enhance the flow boiling heat transfer. The
surface with mixed wetting properties shows better flow boiling heat transfer performance
because of biphilic surfaces extend bubbly/slug flow over a wider range of heat fluxes,
suppressing bubble merging. Up to 28% heat transfer increase can be obtained by this method

with the biphilic surfaces [150]. The relationship between the flow patterns and vapor quality
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in the channels is significant. Vapor quality serves as an indicator of the transition of flow
patterns in micro/mini-channels. Timely adjustment of the relevant influencing parameters
based on the amount of vapor quality in the channel can prevent the occurrence of heat transfer

deterioration. The vapor quality can be determined according to thermal balance as follows:

(8)

where Q is the heat exchange capacity, m is the mass flow rate of liquid, ¢, is the specific heat
capacity of the cooling liquid, 7in and 7; are the inlet temperature of the micro/mini-channel and

the local temperature in the channel, respectively, A is the latent heat of vaporization.

3.2. Research on flow boiling in micro/mini-channels with enhanced structures
3.2.1. CHF enhancement using foam metals and woven metal meshes in micro/mini-
channels

Enhanced structures can be roughly divided into structural metals and geometrical
structures. Table 3 lists the selected studies of the enhanced flow boiling heat transfer using in
the micro/mini-channels with enhanced structures. Structural metals including the foam metal
and woven metal mesh have unique characteristics and can enhance flow boiling heat transfer.
Increasing the density of bubble nucleation sites in micro/mini-channels can also balance the
pressure in the channels, avoiding the occurrence of flow instability. Fu et al. [151] designed a
copper foam fin heat sink which increased the CHF by 25% as compared to that of a solid fin

heat sink. The CHF enhancement is because the former achieves pressure balance between the
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adjacent channels and reduces the occurrence of backflow phenomenon. In addition, the porous
fins can minimize the appearance of drying areas in the microchannels. The capillary wicking
ability of porous foam facilitates rapid liquid penetration while the internal cavity provides
optimal conditions for bubble nucleation, and this changes the position of bubble nucleation
and the distribution of heat flux, resulting in a more uniform wall temperature distribution
during the heat dissipation process [152, 153]. However, the repeated results under various
experimental conditions indicate that the liquid supplement rate is far lower than the
evaporation rate, ultimately leading to the occurrence of heat transfer deterioration. The reason
for this is because the liquid film evaporation rate in the porous foam copper fins is too fast and
limits the capillary wicking ability in the flow boiling heat transfer at high heat fluxes and low
mass fluxes. Therefore, further enhancing the heat transfer performance mainly involves
breaking the restriction of the capillary wicking ability.

Gradient metal foam is an advanced heat transfer material which offers great advantages
in improving the fluid replacement mechanism and promoting vapor discharge [154]. Ahmadi
and Bigham [155] proposed a gradient wick channel heat sink with woven copper mesh to
overcome the limitations of the capillary wicking ability. This structure enhances the
permeation of liquid into the gradient wick channels, improving the flow boiling HTC and CHF.
The structure and the liquid-vapor interface formed by this structure are depicted in Fig. 27.
The flow boiling behaviors of the gradient wick heat sink are significantly outperform than
those of the homogenous wick structure minichannel heat sink and the pure copper minichannel
heat sink. The interaction between the layers of copper mesh in the copper mesh wall of the

gradient wick structure is crucial to enhancing flow boiling heat transfer. The heat transfer
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performance is significantly improved when the rib wall is made up of coarse, medium and fine
copper mesh from top to bottom. 60% enhancement in CHF is achieved. This is due to the
transition from nuclear boiling to thin liquid film boiling. Although the merged slender bubbles
occupy the channel, this structure results in the liquid interface that penetrates into the rib much
lower than the vapid-liquid interface. But the liquid penetrating into the rib can still stimulate
efficient thin liquid film boiling at high heat fluxes. The other two types of woven copper mesh
can still achieve an efficient rewetting effect at high heat fluxes even though the capillary
wicking ability of the fine copper mesh is limited. Furthermore, at low mass fluxes, the capillary
wicking ability of coarse copper mesh on the upper layer can greatly promote liquid penetration,
resulting in better performance than the pure copper minichannel heat sink. The optimization
process is implemented by adjusting the rib height and filling gradient foam metal in channels
which are effective methods. With the optimization of the enhancement techniques, it is
possible to improve flow distribution, enhance mixing frequency, promote timely vapor
discharge, and balance the pressure distribution at the end of the micro/mini-channels.
Therefore, HTC can be increased. In addition, use of foam metal fins can reduce the flow
resistance in the micro/mini-channels to a certain extent, which is conducive to stable heat
transfer [156-158]. Addition of foam metal to the micro/mini-channels serves two purposes.
One is that it disperses pressure drop by preventing bubble merging in the channel and can alter
the flow pattern transformation at specific conditions. Furthermore, it facilitates the heat
transfer from the ribs on both sides and thus excites the liquid in the porous structure to form a
thin liquid film boiling [159-161]. The heat transfer performance increases as the volume ratio

of foam metal in the channels increases, it can adapt to different mass fluxes and vary vapor
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qualities in the channels by optimizing the ratio.

3.2.2. Flow boiling heat transfer enhancement using foam metals and woven metal meshes
in micro/mini-channels

Structural metals can enhance flow boiling heat transfer in micro/mini-channels,
depending on its powerful wicking capability and effective nucleation sites [162, 163].
Compared to the pure copper fin channel heat sinks, the foam copper heat sinks can increase
flow boiling HTC by around 60% which increases with the increase in fin width [164]. Foam
copper was used as the inlet device of a microchannel heat sink by Hong et al. [165]. It was
designed to ensure continuous wetting in the microchannels. This heat sink is similar to a vapor-
liquid separation device, which prevents vapor from occupying the channels for an extended
period and causing drying, thereby improving the HTC up to 170%. Furthermore, addition of
foam copper results in an 80% increase in the HTC [151]. The gradient woven metal mesh
minichannels can increase the HTC by 3 times as compared to that of the plain minichannels
[155]. However, using structural metals to enhance flow boiling heat transfer is an “middle”
technique. Structural metals provide a large number of nucleation sites to make sufficient
nucleation probability. In addition, the staggered structure in structural metals acts as micro-
ribs and enhances the local disturbances in flow boiling. Furthermore, structural metals can
transit from the nucleate boiling to thin film evaporation in micro/mini-channels and therefore

effectively suppresses the occurrence of dryout in the channels.

43



3.2.3. CHF enhancement in micro/mini-channels with geometrical structures

Adjusting the channel geometrical structure is one of the main approaches to improving
the CHF. In this type of flow boiling heat transfer enhancement technique, the channel
geometrical structure has been focused on to achieve higher heat transfer and effectively
improve the heat dissipation capacity of micro/mini-heat sinks, such as the saw-tooth shape
micro/mini-channels or gradient wick micro/mini-channels. Designing the micro-pinfin fences
into both sides of channel can enhance the CHF by 80% [166]. Combining the micro-nozzle
with reentry cavities can increase the CHF by 37% as compared to that without cavities [167].
Adjusting the rib shape to the saw-tooth on the microchannel sidewalls can significantly
increase the CHF of the microchannel heat sink by 87% [168]. Using a new Tesla-type
microchannel can increase the CHF by 88.4% [169]. There is a distinction between forward
flow and backward flow in this new type of microchannel heat sink. With increasing the mass
flow rate, the inhibition of backflow in the forward direction can gradually increase the

enhancement effect, resulting in the final heat transfer enhancement.

3.2.4. Flow boiling heat transfer enhancement in enhanced micro/mini-channels with
geometrical structure

Using various micro/mini-channel types is a typical technique to enhancing flow boiling
heat transfer. The essence of enhancing flow boiling heat transfer by different channel
geometrical structures is to increase the heat transfer area, change the flow patterns and increase
the local disturbance and thereby achieving high heat transfer performance. Hajialibabaei et al.

[170] studied the effect of a wavy-shaped channel heat sink on the cooling process of a system.
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The presence of an open area above the channel heat sink would affect the final heat transfer
performance, and the height of the wavy-shaped channel rib had an optimum value in the
process of affecting heat dissipation. Wen et al. [171] compared the heat dissipation of two
rectangular channel heat sinks of different sizes. The nucleation and growth of bubbles in the
channels are greatly affected by the channel size. In addition, vapor quality has an objective
critical value of 0.6 in flow boiling heat transfer. When the vapor quality is less than 0.6, flow
boiling heat transfer in the channel is favorable, otherwise, the heat transfer deteriorates due to
the expansion of the drying area. Deng et al. [172, 173] investigated the effect of the channel
types on flow boiling heat transfer and found that the significance of the channel type on flow
boiling heat transfer due to the variation of various flow patterns in the channels.

The aspect ratios of non-circular micro/mini-channels have a significant effect on flow
boiling heat transfer. Marseglia et al. [174] studied flow boiling heat transfer in microchannels
with different aspect ratios at fixed channel heights and their results show that narrow channels
have higher HTC than others. The alteration in any aspect such as channel size or shape forces
the local heat transfer mechanism in micro/mini-channels to change, thereby affecting the
operating performance of the entire heat dissipation system [175]. Lin et al. [176] investigated
the impact of channel microstructure, such as micro-fin and micro-cavity, on the flow boiling
in microchannels. The microchannels with micro-fins have a significantly smaller drying area
due to the capillary wetting effect and the HTC is increased by about 62% in as compared to
that of smooth surface while the HTC in the channel with micro-cavity is increased by
olny17.2%. Flow boiling in micro/mini-channels is influenced by the channel size and the effect

of surface tension becomes dominant. When the micro-pin-finned surfaces are manufactured in

45



micro/mini-channels, the intensive micro-pin-finned arrangements increase the contact area and
the wicking effect, thereby promoting the liquid replenishment, which breaks the liquid
boundary and enhances the local disturbance to suppress appearance of drying regions [177-
179]. Li et al. [166] utilized a new strategy from the purpose of transform the channel boundary
layer structure to improve the performance. They designed micro-pin fin fences along the inner
wall of the microchannel, which can achieve excellent heat transfer performance even at high
heat fluxes. Compared to conventional plain wall microchannels, the HTC is improved by
around 170%. Subsequently, they integrated nanowires into the micro-pin fin fences and the
HTC is further increased. But the drawback of suppressed onset of nucleate boiling in the
channel is addressed [180].

Suppressing two phase flow instability and disrupting the flow boundary layer can enhance
flow boiling heat transfer in micro/mini-channels. The orifice design represents one of the
structures and can achieve the suppression of two phase flow instability. The presence of the
orifice results in a specific flow separation, which in turn exerts an influence on the heat transfer
in the micro/mini-channels [181]. Clark et al. [182] used this design to ascertain whether the
stability of the flow boiling in microchannels would be affected. The microchannels with an
orifice restrictor demonstrated a stable flow under the conditions set in the experiment, whereas
the microchannels without this structure exhibited significant oscillations. Furthermore, the
micro-nozzle structure is also conducive to flow boiling heat transfer. It can disrupt the
boundary layer and ensure a timely supply of liquid, thus facilitating the mixing of the boundary
layer and the mainstream area of the microchannels. In the meanwhile, it can promote thin

liquid film evaporation at high heat fluxes, thereby enhancing the heat transfer [183]. Li et al.
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[167, 184] proposed a four-nozzle configuration integrated with the concave cavities and the
capillary micro-pinfin fences along the sidewalls of the microchannels, respectively. The
presence of cavities in the microchannels results in a significant increase in the effective HTC
by 200%. This is achieved through a strategic interplay between the timely supply of liquid
from micro-nozzles and the facilitation of the liquid rewetting process by cavities. Moreover,
the micro-pinfin fence also displays a notable capacity for liquid rewetting and the formation
of a new boundary layer. The combination with micro-nozzles produces sufficient mixing and
promotes the thin liquid film evaporation, achieving heat transfer enhancement under their
experimental conditions. Han et al. [168, 185] proposed a saw-tooth microchannel including
symmetrical and staggered structures. The essence of the symmetric saw-tooth channel
structure is to use the principle of gradually shrinking and gradually expanding to fully integrate
the fluid in the channel while preventing the complete development of the boundary layer in
the channel and causing periodic interruptions. By modifying the shape of the saw-tooth, it is
possible to enhance the flow boiling performance in the channel, leading to an increase in the
HTC by 110%. In theory, the heat transfer is periodically maintained at a relatively high level,
thereby achieving enhanced flow boiling heat transfer. Although it has obvious advantages over
straight channels, there are some local areas with insufficient heat transfer due to the strong
periodicity while the staggered layout can better overcome this disadvantage with generating
eddy currents and breaking the thermal boundary layer [186, 187]. Lan et al. [188] designed a
minichannel heat sink which induces swirling flow through twisted tapes inserted into the
minichannels. The twisted tapes contact with the inner wall of the minichannel and act as

nucleation sites for bubbles to increase the nucleation density. The swirling flow created by the
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twisted tapes inhibits the growth and merging of bubbles, effectively suppressing two phase
flow instability in the mini-channel. Moreover, bubbles in the channel are more likely to detach
due to the presence of disturbance. This approach increases the HTC by up to 80.9%, greatly
improving the overall performance of the heat sink. The length of the twisted tape also has a
significant effect on the overall heat transfer, and the swirling flow generated by too short
twisted tapes cannot improve the heat transfer at the end of the channel.

Passive enhancement techniques, such as the foam metal and woven metal mesh, are
employed to mitigate two phase instability in micro/mini-channels. Other effective
enhancement techniques are used to ensure adequate thermal performance of the heat sink. Priy
et al. [189] designed a microchannel heat sink with secondary flow path based on hydrophobic
porous materials to mitigate two phase flow instabilities in the channels and thus enhance flow
boiling heat transfer. Fig. 28 shows the schematic diagram of the structure of the heat sink. To
prepare the hydrophobic substrate required for the secondary flow path, citric acid monohydrate
(CAM) particles are dissolved in the PDMS solution in varying proportions. The porosity of
this PDMS structure depends upon the amount of CAM particles. The vapor generated in the
microchannels is timely discharged through the secondary flow path. It can effectively reduce
the temperature and pressure fluctuations. The experimental results show that this structure can
improve the rewetting ability of the microchannels, significantly shorten the interval time of
boiling between bubbles, and increase HTC by 32% as compared to those of conventional
configurations.

Double-layer or manifold micro/mini-channel heat sinks have been designed and

investigated to effectively remove high heat flux and to further improve the heat dissipation
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performance through enough mixing, reverse flow or local jet flow [190-193]. For instance,
fluids vertically flow into and out of microchannels to make effective heat transfer by forming
local jet effect in manifold the microchannel (MMC) heat sinks. More uniform flow distribution
and smaller temperature difference on the surface are achieved [194]. Short flow distance and
sufficient liquid replenishment make partial drying less likely. Therefore, MMC heat sinks have
attracted more attention due to their high heat dissipation. Luo et al. [194-196] conducted
comprehensive research on the manifold ratios (inlet/outlet width ratios), different channel
widths and fin widths, as well as manifold arrangements of various types (Z-type, C-type, H-
type, and U-type) for MMC heat sinks. When the manifold ratio is less than 1, a considerable
thermal resistance is generated, which impedes the heat dissipation of the heat sink. Once the
manifold ratio has been established, the favorable heat transfer performance appears just at the
width of the fins less than that of the channel. In the meanwhile, the manifold arrangements
have a significant effect on uniform surface temperatures.

New structures of micro/mini-channels are used to enhance flow boiling heat transfer, such
as the channel structures with sector bump, diamond bump and others [169, 197-199]. These
new structures can maintain an alternating process of development interruption and
redevelopment of the thermal boundary layer in micro/mini-channels. In addition, the ribs in
the middle of the Tesla-type structure can inhibit the vapor backflow, prevent the occurrence of
flow instability, and promote the occurrence of thin liquid film boiling, thereby enhancing flow
boiling heat transfer. While the local flow velocity of the sector bump is higher, it is more
conducive to the bubble separation. However, if the ribs are too compact, they can create a heat

transfer blind spot, which can have adverse effects. For instance, when compared to straight
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channels at a mass flux of 360 kg/(m?s), the new Tesla-type structural channel can increase
HTC by 86.8% in forward direction [169]. However, further studies are required to understand
the heat transfer enhancement mechanism and the factors which influence the new structured
micro/mini-channel heat sinks, such as reducing the pressure drop or resolving non-uniformity

of temperature distribution in the heat sinks from a bionic perspective [200-202].

3.2.5. Two phase flow patterns in enhanced micro/mini-channels

The enhancement of flow boiling heat transfer in micro/mini-channels is dependent on the
flow patterns such as continuous nucleate boiling mode and liquid film evaporation. Porous
structures of foam metal and the channel types have been proved to significantly enhance flow
boiling heat transfer in micro/mini-channels. The ability to activate nucleation sites and balance
pressure in the channel is extremely important. Flow patterns are used to explain the flow
boiling heat transfer behaviors. Previous studies or reviews on flow boiling have focused on
flow patterns and their relations to flow boiling behaviors and mechanisms [203-207]. By
predicting or explaining the transition mechanism of flow patterns, adverse states that occur
during flow boiling can be alleviated, thus ensuring the stability of effective flow boiling heat
transfer.

Wang et al. [208] manufactured an aluminum-based porous rib minichannel heat sink
using foam copper with 85% porosity. To verify the superior heat transfer performance of the
porous rib minichannel heat sink, they also included a solid fin minichannel heat sink for
comparison as shown in Fig. 29(a). The special porous structure of foam copper rib focuses on

two aspects: contact area and nucleation cavity. The stationary or slow-moving liquid within
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the porous ribs triggers high-frequency, small-sized bubble nucleation driven by heat flow. As
shown in Fig. 29(b), with increasing the effective heat flux, the process of flow pattern
transformation in the porous rib minichannels is significantly lower than that in the solid rib
minichannels. The porous rib minichannels can provide local disturbances under annular flow.
The connection between channels helps to suppress the two phase flow instability. As shown in
Fig. 30, although the main channel is occupied by slender bubbles, a thin liquid film is also
attached near the wall and the surface of the micropores. The thin liquid film can prevent the
occurrence of drying areas in the channels, thereby slowing down the decrease in heat transfer
performance during the evolution of the flow patterns. Kim et al. [209] also obtained similar
trends in the flow pattern transitions and concluded that are not significantly affected by the
material of the porous media.

The channel geometrical structure significantly affects the flow patterns in micro/mini-
channels by suppressing liquid backflow and preventing the merging of elongated bubbles, or
breaking the bigger bubble [210-212]. Inserting twisted tapes in minichannels can cause high
disturbance, which can break slender bubbles such as in slug flow and annular flow and increase
the rewetting ability in the channels as in shown Fig. 31(a). The rate of bubble coalescence is
mitigated due to the better fluid mixing, the separation and extrusion effects caused by the
twisted tape inserts [188, 213] as in shown Fig. 31(b). For the micro/mini-channels with ribs,
the vapor slug is easily segmented by the ribs. Smooth geometric characteristics of the channel
ribs are more conducive to the stability of the flow patterns than other structures such as the
smooth concave arc surface as shown in Fig. 32.

The channel geometrical structures can suppress instability and prevent backflow to some
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extent. However, parallel micro/mini-channels are not connected and cannot achieve pressure
balance in the channels while structural metals can achieve this goal. Structural metals, such as
copper foam, woven copper mesh, and aluminum foam exhibit excellent heat transfer and
strengthening performance in micro/mini-channel heat dissipation. These metals have
lightweight and possess good stiffness, making them ideal for use in heat dissipation systems
for medical health, unmanned flight, new energy batteries and other fields. In particular, through
the segmented gradient wick design, the structural metal heat sinks can meet the heat dissipation

requirements at various heat fluxes and develop more efficient and stable heat sinks [214, 215].

3.3. Research on flow boiling with surfactants in micro/mini-channels
3.3.1. CHF enhancement with surfactants in micro/mini-channels
Nanofluids and surfactants have been extensively investigated to enhance the CHF in flow
boiling. It is crucial to select the appropriate concentrations of nanoparticles and surfactants to
prevent particle precipitation due to improper proportions. Incorporating surfactants into
coatings used in micro/mini-channels presents a promising technique for future research, which
have a beneficial effect on flow boiling. The extent of enhancement in flow boiling heat transfer
and CHF achieved solely through surfactants is relatively limited. Therefore, it is essential to
consider the combination of surfactants with other enhancement techniques. Table 4 lists the
selected studies of the enhanced flow boiling using surfactants in micro/mini-channels.
Incorporation of surfactants into working fluids or coatings is beneficial to the CHF.
Kumar et al. [216] demonstrated that adding 4 wt.% SDS surfactant into a ZnO-Al>Os coating

resulted in a maximum CHF enhancement of 44.6%. This improvement is attributed to the
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increase of hydrophilicity imparted by SDS. In the meantime, the increased hydrophilicity in
conjunction with the inherent microcavity structure of the coating can significantly enhance the
heat transfer performance. Wang et al. [217] reported a maximum CHF increase of 70% by
adding SDS to deionized water and R113. An optimal mass concentration of 0.1 %o
CTAC/NaSal solution increases the CHF by 26% as compared to that of pure water,
demonstrating a significant strengthening effect [218]. Flow patterns responsible for CHF in
pure water and CTAC/NaSal solutions are different and can elucidate the physical processes
underlying surfactant-enhanced flow boiling heat transfer [219]. Zhang et al. [220] investigated
the effects of surfactant SDBS and SiO:> particle concentrations on flow boiling heat transfer
and found that any variation in these components would lead to changes in the CHF. When the
concentration of SDBS is kept constant, the CHF initially increases and then decreases as the
concentration of SiO; particles increases. However, compared to deionized water, the increase

in CHF of this aqueous solution is 18%, which is relatively moderate.

3.3.2. Flow boiling heat transfer enhancement with surfactants

Surfactants can be incorporated into coatings to create composite coatings, as well as into
nanofluids. Recent studies have focused on working fluids with addition of surfactants to
regulate the surface tensions. Addition of surfactants to working fluids presents a swift and
effective technique to heat transfer enhancement. Surfactants can significantly enhance the
nucleation of bubbles on the channel surface and facilitate the timely detachment of bubbles
from the channel wall, thereby improving HTC. In addition, adding surfactants into nanofluids

not only enhances their stability but also effectively reduces their surface tension [221-223].
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Kumar et al. [216] utilized spray pyrolysis technique to obtain ZnO-Al>O3 coatings with sodium
dodecyl sulfate (SDS) surfactants of different mass concentrations. The hydrophilicity of the
coating is enhanced by the addition of SDS surfactant. In the meanwhile, the roughness of the
coating surface exhibits a corresponding increase. This phenomenon contributes to
enhancement of flow boiling heat transfer due to the effect of the surfactant. Notably, compared
to pure ZnO coatings, ZnO-AlO3 composite coatings containing 4 wt.% surfactants can
enhance the HTC by 30%.

Inclusion of surfactant solutions can mitigate the formation of elongated vapor in
micro/mini-channels and enhance the rewetting of the channel surface [224]. However, there
exists an optimal concentration for surfactants. Either excessive or insufficient amount of
surfactants can lead to detrimental effects, such as precipitation and flocculation. Wang et al.
[218] demonstrated that an aqueous of cetyltrimethyl ammonium chloride (CTAC) and sodium
salicylate (NaSal) at a suitable concentration of 0.1 %o exhibited favorable flow boiling
performance. The HTC was be increased by 36% as compared to pure water at the same
conditions. As illustrated in Fig. 33, the flow visualization revealed a significantly higher
number of nucleation sites at this concentration as compared to other concentrations at which
no discernible large bubbles are presented. At appropriate concentrations, low surface energy
activates a substantial volume air pockets which are able to generate bubbles and facilitate flow
boiling heat transfer enhancement. Zhang et al. [225] investigated the influence of various types
(including sodium dodecyl benzene sulfonate (SDBS), cetyl trimethyl ammonium bromide
(CTAB) and sorbitan monooleate (Span80)) and concentrations of surfactants on AbO3/R141b

nanofluids. Their results show that the surfactants have a significant effect on the heat transfer
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enhancement. Addition of SDBS can enhance HTC by over 30%. At low mass concentrations,
the diffusion rate of surfactant molecules is relatively high, leading to a greater number of
surfactant molecules adhering to the surfaces of bubbles. The adherence can reduce the surface
energy and facilitate the bubble detachment. In contrast, an increase in fluid viscosity adversely
affects the heat transfer performance. A similar trend is observed using the TiO nanoparticles.
In addition, incorporation of surfactants can enhance the stability of the nanofluid and prevent
the aggregation of the nanoparticles in the inlet region under the influence of the electric field
[226]. Addition of SDS into deionized water and R113 can significantly improve the wettability
in the channel walls [217]. At a mass concentration of 2 %o, the heat transfer enhancement
reaches the peak, resulting in a 140% increase in the HTC. Flow boiling enhancement using
surfactants primarily due to improving the bubble nucleation and rewetting effects in
micro/mini-channels. However, there is an optimal mass concentration which can maximize the
enhancement of flow boiling heat transfer. In addition, it is important to ensure that the two
phase pressure drop remains within a reasonable range when using surfactant solutions in flow
boiling in micro/mini-channels [227]. In general, Further research is needed to optimize the
concentrations and understand the enhancement mechanisms. Selecting proper surfactants is

also a critical aspect.

3.3.3. The effects of surfactants on two phase flow patterns in micro/mini-channels
Addition of surfactants significantly alters the flow patterns in micro/mini-channels. Fig.
34 illustrates the comparison of flow patterns for water and a 0.1 %o CATC/NaSal surfactant

solution in a channel over 4 ms [218]. Addition of the surfactants results in insignificant
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merging of bubbles in the channel at the conditions: ¢ =2.9 x 10° W/m?, G = 152 kg/(m°?s) and
ATsw, in = 20 K. It has the substantial potential to mitigate the formation of elongated bubbles,
thereby suppressing the occurrence of dry spots in the channel. As illustrated in Fig. 35(a), the
trend of change shows that water is thermally nucleated in a straight microchannel, leading to
the formation of bubbles to grow and merge. The bubbles gradually evolve into slug flow,
annular flow, and local drying. However, addition of surfactant into water results in bubbles
clustered together and forming bubble clusters in relatively dispersed locations of the channels.
As the bubbles grow, they do not exhibit significant merging phenomena. The vapor bubble
clusters maintain the flow stability of the channels. The high hydrophilicity and low surface
tension of the SDS surfactant solution facilitate adequate wettability during the bubble growth
and ensure independence of the bubbles. It attributes to the distribution of surfactant molecules
[224]. A significant number of vapor clusters are presented in the channels, primarily formed
by the mutual extrusion of stacking among the bubbles. Furthermore, the specific surface area
of the bubbles is considerably larger than that of the merged bubbles. Consequently, the flow
boiling heat transfer in the micro/mini-channels can be enhanced to a certain extent due to the

change of flow patterns.

4. Research on flow boiling in composite enhanced micro/mini-channels

In recent years, composite enhanced micro/mini-channels have been increasingly
investigated to enhance flow boiling heat transfer and CHF. Composite enhanced micro/mini-
channels are generally formed by integrating two or more types of heat transfer enhancement

techniques. Fig. 36 illustrates various composite heat transfer enhancement techniques used in
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the available studies. Deng et al. [228] proposed a composite structure heat sink which has a
type of Q-shaped reentrant porous channels with multi-scale rough surface. The composite
structure heat sink can easily achieve the advantages of flow boiling enhancement and maintain
more uniform heat sink base temperatures as compared to those of a reentrant copper
microchannel heat sink. Li et al. [229] used porous structures on the ribs in microchannels to
increase the fluid mixing. This helps to break the continuous development of the thermal
boundary layer and effectively avoid the heat transfer blind zone formed behind the ribs,
resulting in more conducive to convective boiling heat transfer. Yu et al. [230] designed a pin
fin wall structure by gradient distributed micro pin fin arrays in microchannels. The flow
instabilities can be completely suppressed by this structure, thereby reducing the occurrence of
dryout region by facilitating the high-frequency bubble detachment. In addition, the rib-
elliptical groove complex structure has positive effects in increasing the local disturbance and
suppressing blind spots behind ribs [231].

Although much research into the channel surface wettability focuses on flow boiling in
straight micro/mini-channels, the benefits of irregular micro/mini-channels are promising in
enhancing flow boiling. These methods work together by cooperative interaction to suppress
the rapid growth and merging of bubbles, and increase the amount of nucleation in the channels
to a relatively high level. The continuous development of technology makes the composite
enhanced micro/mini-channel heat sinks as one of mainstream directions in flow boiling
enhancement [45, 232]. However, there are challenges in developing and investigating
composite enhanced microchannel heat sinks which include porous surfaces and irregular

channels. When setting up interval symmetric or interval staggered porous surfaces in irregular
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channels, the position of nucleation sites is a key issue affecting the flow boiling characteristics.
For example, the nucleation sites may move forward. In addition, the double-layer porous wick
structure is an effective approach to enhancing flow boiling in micro/mini-channels [46]. This
type of composite enhancement technique should be extensively studied in the studies of flow

boiling in micro/mini-channels to understand the mechanisms and optimized design methods.

5. Challenges for flow boiling prediction methods in micro/mini-channels

A large number of correlations and models have been developed for saturated flow boiling
in macroscale channels over the past 70 years. The HTC correlations of flow boiling are
generally classified into three groups: (i) The summation correlations: The HTC is considered
to be the addition of the nucleate and convective boiling contribution such as the Chen
correlation [233]; (ii) The asymptotic model: The heat transfer coefficient is assumed as one of
the two mechanisms to be dominant such as the Steiner and Taborek model [234]; (iii) The flow
pattern based model: This model consists of a flow pattern map and flow pattern specific models
and correlation for the heat transfer such as the prediction methods by Kattan et al. [235],
Woijtan et al. [236, 237], Cheng et al. [238, 239] and Moreno Quibén et al. [240, 241] which are
based on the asymptotic model and the relevant flow patterns. However, there are big challenges
for developing prediction methods for flow boiling in micro/mini-channels as pointed out by
Cheng and Xia [207] in their comprehensive review. Some correlations for micro/mini-channel
flow boiling heat transfer have been developed on the basis of these for macroscale channel
flow boiling. Most of these consider the contribution of two flow boiling heat transfer

mechanisms: nucleate boiling dominant and convective boiling dominant. Furthermore, efforts
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have been made to develop the mechanistic heat transfer models for flow boiling heat transfer
in micro/mini-channels such as the three-zone heat transfer model in microchannels by Thome
etal. [242, 243] and annular flow heat transfer model developed by Cioncolini and Thome [244]
and Thome and Cioncolini [245]. However, the actual heat transfer mechanisms are much more
complex than the two mechanisms and should be well understood.

A number of heat transfer models and correlations have also been developed based on
micro/mini-channel flow boiling experimental data. From the analysis and comparison of the
experimental data from different studies [207], it is concluded that well performed and
documented experimental studies on microchannel flow boiling are still needed. The channel
size effect on the flow boiling heat transfer behaviours and mechanisms have not yet well been
understood. In general, the available heat transfer correlations and models poorly predict
independent data. No universal prediction methods are available for micro/mini-channel flow
boiling heat transfer so far. Most of the available heat transfer correlations and models lack the
heat transfer mechanism basis which should be based on the flow structures and micro/mini-
channel sizes and structures. Furthermore, there is little studies regarding the prediction
methods for flow boiling in enhanced micro/mini-channels.

Description of experimental phenomena and mechanism analysis are crucial in
investigating very complex flow boiling phenomena and mechanisms in enhanced micro/mini-
channels. Flow boiling correlations and prediction methods for both HTC and CHF should be
developed based on the carefully experimental studies of flow boiling phenomena and
mechanisms. Cheng and Xia [207] present a comprehensive review of flow boiling in

micro/mini-channels and have evaluated 12 models and correlations for flow boiling heat
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transfer in micro/mini-channels with a database including 2336 data points of 8 test fluids
including R410A, R141b, R134a, R245fa, R12, R123, R22 and N>, tube diameter: 0.19 - 3.69
mm, mass flux: 20 - 1471.2 kg/(m?s), heat flux: 5 - 150 kW/m? and both horizontal and vertical
arrangements. It shows that adopting flow pattern based heat transfer model combining the
three-zone model and the annular flow model together with the corresponding flow patterns by
Thome and Cioncolini [245] gives much better results than the three-zone model alone. As
summarized by Cheng and Xia [207], the flow pattern based heat transfer model for flow boiling
in micro/mini-channel predict the database reasonably well. However, mechanistic prediction
methods and models are needed to be well developed and improved. Relating the heat transfer
behaviors to the corresponding flow regimes is promising methods to understand the heat
transfer mechanisms and to develop new prediction models for flow boiling covering both
macroscale and micro/mini-channels. Furthermore, systematic experimental, analytical and
modelling studies of unstable and transient flow boiling phenomena in microchannels should
be focused on.

The prediction methods should not only reflect the evolving trends in flow boiling but also
support the selection of actual engineering applications. Flow boiling in parallel micro/mini-
channels represents a significant foundation in this field of study. Fang et al. [246] conducted
an analysis to evaluate the predictive accuracy of the existing HTC correlations for their flow
boiling experimental data in the parallel micro/mini-channel heat sinks. Their results
demonstrated that different correlations exhibit varying degrees of accuracy within the different
position of the channels. A comparative analysis of the correlations reveals that the correlations

proposed by Liu and Winterton [247] and Li and Wu [248] exhibit the most accurate predictions.
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These models obtained the lowest mean absolute error (MAE), namely 12.9% and 9.1%,
respectively. However, the conclusion lacks generality of the applications of these two
correlations. Their experimental conditions are very narrow with a mass flux from 50 - 300
kg/(m?s), vapor quality from 0.1 to 0.2, heat flux is up to 21 kW/m? and only one working fluid.
An effective prediction value is a crucial element in ensuring the safe and stable operation of
micro/mini-channel systems in practical engineering applications. Fang et al. [249] proposed a
correlation formula that can be utilized in a broader range of operational contexts. Through their
analysis of different databases, they discovered that the new correlation formula enhanced the
mean absolute deviation (MDA) to approximately 10%, thereby demonstrating enhanced
precision in predicting the HTC for individual fluid data, which exhibited notable reliability.
Furthermore, Ma et al. [250] improved a new correlation based on Liu and Winterton’s model,
which is able to predict more than 80% of the data within + 30% error band. This demonstrates
a good predictive ability.

The effective prediction methods of CHF can give a broad range of actual environments
for engineering applications. Cheng et al. [251] conducted a detailed comparison of the
experimental CHFs with the predicting result by previous correlations. They have concluded
that the differences exhibited by different correlations within different micro/mini-channels are
relatively large. Furthermore, they observed that the values given by the correlations are
generally high than the measured data. This indicates that these correlations only work in some
specific channel sizes. Therefore, when developing new correlation formula, they not only
consider the influence of the hydraulic diameters of micro/mini-channels, but also take the

additional geometric metrics such as the aspect ratios of the channels as important parameters.
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Furthermore, optimization of the correlations is essential. Kosar et al. [252] have proposed

below CHF correlations:

0"y =0.0035Gh We *+ 9)
G’D

We = ( - ) (10)
f

They have further developed the following correlation equation after optimization as:

3.19
0"ce = 0.00472Gh, We,, %" [g} (11)
h

where G is the mass flux, Ay is the latent heat, We is the Webber number based on the hydraulic
diameter of the channel and WenL is the Webber number based on the channel heated length, W
is the width of micro/mini-channels.
There are a number of studies on CHF prediction methods for flow boiling in micro/mini-
channels, which are needed to be evaluated but are not the focus of this review. However, for
enhanced micro/mini-channels, no general prediction method is available so far.

Overall, there lack prediction methods for flow boiling HTC and CHF in enhanced
micro/mini-channels due to the very complex flow boiling phenomena and mechanisms for
various enhancement techniques. Advanced experimental methods and accurate measurement

techniques are urgently needed to obtain reliable experimental data and reasonable mechanisms
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which are intrinsically related to the complex flow patterns in micro/mini-channels with various
enhancement techniques. Therefore, the flow boiling HTC and CHF measurements and flow
pattern observation should be simultaneously taken. On the basis of the accurate database, effort

should be made to develop mechanistic prediction models based on flow patterns in future.

6. Analysis and discussion
6.1. Flow boiling enhancement by increasing the nucleation density

One of the effective methods to enhancing flow boiling in micro/mini-channels is to
increase the nucleation rate of bubbles. For homogeneous or heterogeneous surfaces, surface
modifications can reduce the wettability of the surfaces to make it hydrophobic and reduce the
potential barrier for bubble nucleation. Therefore, change of the surface properties plays a
crucial role in increasing the number of active nucleation sites. It also serves as a bridge to
balance the CHF and HTC [253]. Mixed wettability (heterogeneous surfaces) is considered an
effective technique to enhancing flow boiling heat transfer. Biphilic surfaces with mixed the
wettability have more nucleation sites and higher boiling heat transfer performance as compared
to those of uniformly hydrophobic surfaces. There is an optimal state to maximize the heat
transfer enhancement [254, 255]. Therefore, it is important to further investigate the
arrangement of patterns and the proportion of pattern area on mixed wettability surfaces to
increase nucleation density.

While porous coating surfaces contain numerous cavities which can act as nuclei at the
beginning of boiling and accelerate the nucleation rate of bubbles. These surfaces have a

positive effect on improving nucleation density and enhancing the channel rewetting ability.
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However, it is important to note that porous coatings are not a permanent solution for enhancing
flow boiling heat transfer. The first is the issue of strength, it is a concern for porous coatings
formed by vertically arranged nanowires or nanotubes. At high mass flow rates, their strength
cannot withstand the impact which may bend and lose their advantages, resulting in a
considerable number of microcavities unable to exert their benefits. But silicon nanowires are
an exception as the nanowire coatings have their robustness under the shear stress of two-phase
flow [256]. The second issue to consider is adhesion. A layer of functional coating is applied to
the channel surface through various techniques, and its adhesion is a crucial aspect. For instance,
after simple spraying and drying, a porous coating is formed. However, after repeated use, the
full coverage of the coating on the channel surface cannot be guaranteed, and the peeling off of
the coating cannot ensure the original enhancement effect. In the meanwhile, in some
micro/mini-channels with smaller hydraulic diameters, there is a higher risk of channel
blockage. The third issue concerns pore closed. Some of the micropores or pores in porous
coatings originate from the material itself, such as the inherent micropores on the surface of
carbon nanotubes, or from the formed coatings, such as sintered porous coatings which can
effectively solve the two aforementioned problems. However, when preparing sintered porous
coatings, it is inevitable that some “closed pores” may appear inside the coating due to the fact
that it is formed by sintering multiple specifications of metal particles. Therefore, controlling

the number of closed pores is crucial in achieving the expected performance.

6.2. Flow boiling enhancement by increasing the local disturbance or the contact area

Enhancing flow boiling heat transfer in micro/mini-channels can be achieved by changing
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channel types or using structural metals to increase the local disturbance or the contact area.
Addition of staggered fins in micro/mini-channels can improve the heat transfer performance
to some extent, and then addition of fins ahead of the channels have a more significant
enhancement effect [257]. When using alternating porous coatings in micro/mini-channels with
slightly larger dimensions to form a composite enhanced structure, it is important to consider
the issue controlling the position of the generated disturbance according to actual requirements.
In order to further enhance heat transfer, it is important to ensure that the area where the
disturbance applied to does not flush out the unformed bubbles. If the coordination between the
channel type and the porous coating is inappropriate, it may inhibit the bubble nucleation, or
even result in no nucleation in the channels. Therefore, it is essential to fully utilize the benefits

of both techniques and create an enhanced heat transfer mechanism as illustrated in Fig. 37.

6.3. Suppression of flow boiling instability

Flow boiling instability in micro/mini-channels is a critical issue. Selecting appropriate
methods based on the different types may suppress flow boiling instability. The methods to
suppressing the flow boiling instability can be classified into two principal categories: active
separation of vapor and change of the channel geometrical structures. Enhancing flow boiling
can also be achieved indirectly by the methods of suppressing flow instability. Specific methods
to suppressing the flow boiling instability in micro/mini-channels have been extensively studied
and identified, such as vapor-liquid separation (rapid separation of vapor in upward secondary
paths), pressure balancing (connecting the end of the channels to balance the pressure inside

the channels), throttling (adding throttling devices at the channel inlets), and backflow
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suppression (adding fin structures in the channels). Zhang et al. [258] developed a membrane-
venting microchannel heat sink. This is a novel optimization technique to enhancing flow
boiling heat transfer in microchannels. It employs a porous membrane to facilitate the discharge
of vapor by an additional vapor path. The unique structure can reduce the vapor quality in the
microchannels, thereby ensure stable flow boiling in the channels. He et al. [259] developed a
novel interconnected bi-porous minichannel heat sink. When the confined elongated bubbles
are formed in the channels, this configuration enables the separation of partial vapor to the
adjacent channels through connected regions, and effectively inhibits the occurrence of
backflow phenomenon and improves flow stability. Shah et al. [260] used an inlet plenum flow
restrictor to suppress flow boiling instability in microchannels. It can reduce the maximum
oscillation amplitude of the pressure fluctuation by 66.7% at lower mass flux. Xia et al. [261,
262] investigated change of continuous flow instability in straight and triangular corrugated
microchannels. The triangular corrugated microchannels can suppress flow boiling instability
and achieve better heat transfer performance.

Extending the length of micro/mini-channels and enhancing axial thermal conduction can
significantly reduce oscillation fluctuations. Xia et al. [263] conducted experimental study on
suppressing the flow boiling instability in a novel type of semi-open microchannel heat sink. It
achieves connectivity in the downstream region of the channels. The elongated bubbles in the
microchannels merge without moving back to the upstream and therefore enhance the heat
transfer performance of the microchannel heat sink. Furthermore, the manifold micro/mini-
channels have a distinctive advantage in reducing two phase pressure drop in the channels [264,

265]. The pressure drop can be reduced by 43.3% under a heat flux of 400 W/cm? [195], which
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can create favorable conditions for suppressing flow boiling instability the channels. Real-time
monitoring of the temperature changes on the heat sinks bottom surface is crucial to
comprehending the physical processes such as flow pattern transition and dryout identification
in micro/mini-channels. Measurement of the local pressure and temperature distribution can
accurately provide more accurate data to understand the mechanism of heat transfer
enhancement [266]. Therefore, it is significant to understand the heat transfer mechanism by
accurate experimental data, flow pattern observations and a reliable fitting model through a
large of test database under a wide range of experimental conditions.

Although numerous studies have focused on creating micro/nano-structures with varying
roughness to improve heat transfer performance, the heat transfer mechanisms and the bubble
dynamics still remain incompletely understood. Li [267] carried out experiments of R410A flow
boiling in an enhanced tube. They visualized the flow regimes and measured the corresponding
HTCs. In the meanwhile, they identified four flow regimes, namely annular flow, intermittent
flow, stratified-wavy flow, and stratified flow. Then, the equation of continuity is adopted to
address the physical mechanism of the two-phase flow phenomenon. A new concept, potential
fluctuation at the flow interface between vapor and liquid has been proposed based on the
analytical solution of differential equation of continuity. It has oscillatory wave behaviors along
spatial dimensions and temporal dimension governed by the continuity relationships, and acts
as the “inside gene” to control two-phase flow development and instability. The fluctuations
influenced by the densities and velocities of vapor and liquid in flow boiling. The theoretical
analysis has provided a good basis to further understand the physical processes and mechanisms

in enhancing flow boiling heat transfer using micro/nano-structures. Potential fluctuation can
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be used in flow boiling in micro/mini-channels to suppress flow instability and should be

considered in studying micro/mini-channel flow boiling and instability in future.

6.4. Optimization of enhanced micro/mini-channels

Flow boiling enhancement techniques in micro/mini-channels include surface
modification enhancement techniques, enhanced structures, enhancement using surfactants, and
composite enhancement techniques. There is a critical issue of optimization of the heat transfer
enhancement techniques in micro/mini-channels. Although optimization of enhancement
techniques has been concerned [135], there lacks systematical knowledge and theory regarding
optimization of enhancement techniques in micro/mini-channels due to the limited studies. For
instance, when selecting the particle size and coating thickness in sintered porous coatings, it is
essential to optimize the particle size, and coating thickness to achieve optimized heat transfer
enhancement effect. However, seldom did researchers consider to optimize the particle size and
coating thickness. The emerging composite enhancement techniques are promising methods to
enhancing flow boiling but need to be optimized to ensure the harmonious integration of each
individual enhancement technique. As illustrated in Fig. 37, the composite enhancement
technique includes the integration of channel fins and porous surfaces. However, the “forward
movement” of the nucleation sites is a significant challenge. In recent years, there are some
optimization studies of the emerging enhancement techniques, such as innovative design of the
vapor secondary channel [189]. This novel structure effectively optimizes the vapor discharge
to maintain the pressure drop and achieve enhanced heat transfer. Priy et al. [268] proposed a

microchannel heat sink with a condensing cover plate, which can mitigate the vapor clogging
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in the channels. This approach offers a promising solution for improving flow boiling heat
transfer and achieving superior thermal performance without increasing the pressure drop in
the microchannels. Consequently, this can be integrated with porous sidewalls or micro fences
to facilitate thin liquid film boiling in the micro/mini-channels and optimize the enhancement
techniques applied to the micro/mini-channels. However, optimization of enhanced micro/mini-
channels is very limited in the available studies and need to be concerned as a mainstream
research topic when developing or applying enhancement techniques in micro/mini-channels.
It is obvious that optimization of enhancement techniques requires in-depth research. Effort
should be made to achieve systematic knowledge, methods, mechanism and theory of

optimization of enhanced micro/mini-channels in future studies.

7. Summary and recommendation for future research needs

This comprehensive review provides a complete summary and detailed analysis of the
available studies regarding flow boiling enhancement techniques and mechanisms in
micro/mini-channels in recent 5 years. Flow boiling heat transfer, CHF, flow instability, flow
patterns, mechanisms and optimization in enhanced micro/mini-channels are critically
reviewed and discussed. Various enhancement techniques such as non-uniform wetting surfaces,
porous coatings, nanowire coatings, porous walls, oven metal meshes, and addition of
surfactants have been discussed and analyzed. Of the available techniques in micro/mini-scale,
surface modification techniques and enhanced structures have broad prospects for flow boiling
enhancement. According to the review and analysis, the following conclusions and future

research recommendations have been obtained:
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(1) Mixed hydrophobic and hydrophilic surfaces are a promising enhancement technique for
flow boiling in micro/mini-channels. The hydrophobic part of a non-uniform wetting
surface has a lower surface energy, which can promote bubble nucleation. The hydrophilic
part can promote rewetting and suppress the large drying regions in the channels. The
synergy between two types of surfaces can effectively improve flow boiling HTC and CHF
in micro/mini-channels while Single hydrophilic or hydrophobic type has certain drawbacks
and limitations.

(2) Porous structures with a high porosity can result in a large number of cavities in micro/mini-
channels and provide sufficient nucleation sites for the bubble nucleation. Due to the
enhancement of the capillary wicking ability and continuous penetration of liquid in the
porous structures, the liquid inside the cavities is easily excited to form a thin liquid film
evaporation to achieve high flow boiling heat transfer performance and suppress the
occurrence of dryout in micro/mini-channels.

(3) In practical scenarios with high mass fluxes, the strength of some nanowires may not be
sufficient to resist the shear stress in flow boiling, resulting in a decrease in heat transfer
enhancement effect and even failure whereas the silicon nanowire coatings show a good
ability to resist the shear stress. The gradient wick structures can adapt to a wider range of
heat fluxes and mass fluxes.

(4) Sintering coatings are promising heat transfer enhancement technique for flow boiling in
micro/mini-channels. They can achieve high porosity on thinner thickness coatings and
significantly improve the bubble nucleation and the channel rewetting, thereby improving

flow boiling heat transfer and CHF in micro/mini-channels.
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(5) Integrating irregular channel structures with porous microstructures in micro/mini-channels
is a promising technique to enhancing flow boiling. On the one hand, irregular structures of
the channels are able to disrupt the thermal boundary layer and increase the local turbulence
through ribs or sidewall cavities. On the other hand, porous microstructure can generate
significant bubble nucleation, and therefore improve flow boiling HTC and CHF. Porous
coatings in periodic cavities on the sidewalls of micro/mini-channels can effectively
promote the nucleation of boiling. In the meantime, the pressures in micro/mini-channels
are balanced through vapor-liquid separation device at the end of the channels and thus can
suppresses the flow boiling instability. This composite enhancement technique is very
promising for flow boiling in micro/mini-channels. Further studies should focus on the
optimization of the composite enhanced microchannels and flow boiling mechanisms.

(6) Promoting the occurrence and maintenance of thin liquid film evaporation in micro/mini-
channels is one of the most efficient techniques to enhancing flow boiling. The techniques
of coatings or structures with layers are crucial to improving flow boiling HTC and CHF. In
the meanwhile, timely liquid penetration and narrow gaps between layers are two important
aspects to ensure the triggering of thin liquid film evaporation. With the continuous
development of new technology such as the coatings of MXenes two-dimensional materials,
using layered surfaces in micro/mini-channels is a promising enhancement technique for
flow boiling. Research and development of this new enhancement technique should be
conducted to understand the mechanism and optimization of the techniques in future.

(7) The synergy of the composite enhancement technique using the enhancing effect generated

by irregular structures and the effect of thin liquid film boiling needs to be investigated and
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optimized to achieve maximized the heat transfer enhancement. Furthermore, the
enhancement mechanisms of the composite technique should be investigated according to
the bubble dynamics, bubble nucleation and flow patterns of flow boiling in composite
enhanced micro/mini-channels. However, understanding the function of each individual
technique adopted in composite enhancement techniques should be clarified but presents a
big challenge due to the complex phenomena. Optimization of the composite enhancement
techniques is critical but a big challenge. Future research should focus on all these aspects.
(8) There lack the prediction methods for flow boiling HTC and CHF in enhanced micro/mini-
channels, all the available models are not for enhanced micro/mini-channels. Although it is
a great challenge due to the very complex flow boiling phenomena involved and lack of
systematic experimental data and mechanisms, it is the time to start to develop the relevant
prediction methods. Effort should be made to conduct careful and systematical experiments
to provide accurate experimental data of HTC and CHF under a wide range of experimental
conditions. It is essential to relate the measured the data to the corresponding flow patterns
in order to understand the underneath mechanisms. It must be pointed out that advanced
experimental methods should be specially designed and developed for flow boiling in

enhanced micro/mini-channels.
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Nomenclature

Aes  cross-sectional area of a micro/mini-channel, mm?
Bd Bond number

CHF critical heat flux, W/m?

Co Confinement number

cp specific heat at constant pressure, J/(kgK)
D length scale, mm

Dy hydraulic diameter, mm

HTC heat transfer coefficient, W/(m*K)

htg latent heat of vaporization of liquid, J/kg
IGBT insulated gate bipolar transistor

G mass flux, kg/(m?s)

g gravitational acceleration, m/s?

L Laplace number

MEMS micro-electromechanical systems
m mass flow rate, kg/s

QO heat exchange capacity, W

g heat flux, W/m?

T temperature, °C

UAV unmanned aerial vehicle

¥V volume, m’

W  width of the micro/mini-channel
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We Webber number

X vapor quality

Subscripts

C constant

Cu copper

h  hydraulic diameter

eff effective

f fluid

g &gas

HL heated length of the micro/mini-channel
in inlet

i local location in channels
[ liquid

m  mass

p constant pressure

Greek symbols

o mass difference, kg

1 dynamic viscosity, kg/(s m)
p density, kg/m?

porosity, %

<
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o surface tension, N/m
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Table 1. Selected studies of flow boiling and two-phase flow in enhanced micro/mini-channels
with microstructures or coatings.
Table 2. Selected studies of enhanced flow boiling heat transfer performance in micro/mini-
channels with surface modification techniques.
Table 3. Selected studies of enhanced flow boiling heat transfer performance in micro/mini-
channels with enhanced structures.
Table 4. Selected studies of enhanced flow boiling heat transfer using surfactants in micro/mini-

channels.
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Table 1. Selected studies of flow boiling and two-phase flow in enhanced micro/mini-channels with microstructures or coatings.

) 1 fl Enh t .
Authors Fluids Heat S%nk Mass ‘jxes " angemen Obtain results
material (kg/(m=s)) techniques
Deionized Sinterine porous Making the peak critical heat flux over 160 W/cm? at the
Zhang et al. [76] Copper 142 &P mass flux of 142 kg/(m?s) and existing the explosive
water heat sink . .\
boiling process at some conditions.
An optimal proportion of hydrophobic area in parallel
Kim et al. [98] Water ] 100-800 Hete?rogeneous pattern and dotted pattern is approxirpately 32% gave t.he
wetting surface best heat transfer performance, while this in crosswise
pattern is only about 16.5%.
Lin et al. [99] Deionized Silicon 200-500 Hete.rogeneous The HTC on .heterogeneous wetting surface with
water wetting surface perpendicular stripes was enhanced by about 40%.
Deioni Bioni . '
Tan et al. [100] cionized Copper 400 10n.1c gradient Improving the HTC by over 50%.
water wetting surface
ioger- . . Biphili f: I ing the CHF he biphili f: he 1
Lioger-Arago et al HFE-7100 Aluminum  140/390/648 1philic surtace ncreasmg' the C us.e the biphilic sur ace.at the low
[101] and porous surface mass flux is only 0.25 times of the porous coating surface.
Semenic et al. R245 C1100 ' T'he HTC with porous caning had on. average 1.5 times
. - Porous coating higher than uncoated, maximum 2.5 times, and the CHF
[102] refrigerant ~ copper .
was 1.5 to 2 times.
. o The impact of sintered particle diameter on flow boiling
Deionized Sintering porous . . . . . o
Mao et al. [104] Copper - . 1s significant, and the main mechanism of phase transition
water heat sink e .
1s thin liquid film boiling.
The particle size and coating thickness have a significant
. impact on enhancing heat transfer. The CHF enhancement
. - 100-300 P t .
Sarwar et al. [107] Water Orous coating by 25% for Al,Os3 coated surface, and TiO; coated surface
is about 20%.
Ahn et al. [109] Water ) 62/33/104 Multiwalled carbon Effective separation of vapor and liquid in the channel has

nanotube channel

been achieved.
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Table 2. Selected studies of enhanced flow boiling heat transfer performance in micro/mini-channels with surface modification techniques.

Authors Fluids D Mass fluxes Treatment Materials Enhancement of Enhancement of
(mm)  (kg/(m%s)) techniques CHF HTC
. . CHF was obvious enhanced and
Khanikar et Water - 86/228/368 Chemlca‘l V apor CNTs and degraded following repeated tests at high
al. [73] deposition Copper
mass fluxes.
Lim et al. .
ITST] ? Water ~1.67 400/800/1200  Laser etching Copper Over 30% (Max) -
K l. De-mi li hemical T i
umar et a e-mineralized ] 283/348/4277 C emical vapor CNT coatings 21.6% (Max) ]
[112] water deposition and Copper
. ) Heterogeneous wetting surface exhibit
K;)Il s[alli/;]et Water - 38 Chz:n(c)::ilﬁ\;?or C;;;F éc())atu;%s higher heat transfer coefficients at 0.66
) P pP and 0.85 superhydrophilic area fraction.
Sia et al GNPs/epoxy
[114] ' Water 2 42/83/146 Thermal curing coatings and 59.5% (Max) 64.9% (Max)
Copper
NP
Sia et al. Water 03 57/83/ Thermal eurin Soaﬁfl/ efiﬁﬁ 134% (SPHO) 135% (SPHO)
[115] ' 122/167 & g 71.8% (SPHI) 68.8% (SPHI)
Copper
Gupta et al. . 53/113/187 Electrochemical . . 0 0
[116] Deionized water 2.6 268/361 deposition Cu-TiO2 coating 92% (Max) 94% (Max)
Electrochemical
ta et al. 53/113
Gulflj ;] " Deionized water ~2.6 o é o 6{ deposition + Single-  Cu-TiOs coating ~ ~ 143% (Max) ~ 153% (Max)
step sintering
Gupta et al. . 53/113/187 Single-step Cu-AlL0s
D d wat ~2.6 .. . 869 849
[118] clonized water 268/361 electrodeposition coating 4 o
Gupta et al. . 53/113/ Electrodeposition + Cu-AlL0Os o o
(119] Deionized water 2.6 268/361 Sintering coating 176% (Max) 200% (Max)
Gupta et al. Deionized water ~ 2.6 53-361 Electrochemical Cu-AlL0Os 93% 90%
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[120] deposition coating

Aravinthan —p, o ized water 3 100-650 ~ ectroless galvanic L Gilver i
etal. [134] deposition
Zh t al. . o
?}i Se] ¥ Deionized water ~0.98  150/275/400 Sintering Copper 53.2% (Max)
He et al. o Copper woven
R141 ~ 1. 2 t -
[142] b 33 55 Sintering tapes
Yin et al. .. o
[143] Deionized water ~0.53  151.5-551.1 Sintering Copper -

Over 20 % (Max)
114.5% (Max)
261% (Max)

200%(Max)

Notes: SPHO is superhydrophobic surface and SPHI is superhydrophilic surface, Dy represents hydraulic diameter.
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Table 3. Selected studies of enhanced flow boiling heat transfer performance in micro/mini-channels with enhanced structures.

Mass fluxes

Enhancement of Enhancement of

i Enh. tt Material
Authors Fluids (ke/(ms)) nhancement types aterials CHF HTC
Fuetal. [151] Deionized water 76-408 Copper foam fin channel Copper 25% (Max) 80% (Max)
Ahmadi et al. .. . .
madi et a Deionized water 140-340 Gradient wick channel Woven copper 60% (Max) 300% (Max)
[155] meshes
The bubble is small in channels filled with
Lietal. [156] R141b 50-150 Metal foam channel - metal foam, and increases the fluid mixing
frequency to improve heat transfer.
Nam et al HTC in the dense-array spanwise pattern
[161] ' R245fa 133-300 Metal foam filling Copper foam  was higher than that in the sparse-array
model.
1.
G?cl)gi]a R134a 264-1213 Copper foam fin channel Copper - ~ 60% (Max)
H 1. .
0[nlg6§‘; a Deionized water  26.5-110.5 Copper foam layer Copper - ~170%
h 1 ical .
Lietal. [166]  HFE-7100 ; Channel geometrical structure o, ~80% ~170%
(Micro-pinfin fences)
Channel geometrical structure 37% 208%
. . C d to FP C d to FP
Lietal. [167] HFE-7100 231-1155 (Reentry cavities and Silicon ( Omp;(r)i y 0 FP)  (Compared to FP)
. 0
micronozzles) (Compared to PR) -
Han et al. . Channel geometrical structure
D d wat 50-300 ~87% (M ~110.7% (M
[168] eionized water (Saw-tooth shape) Copper 7% (Max) o (Max)
Han et al. . Channel geometrical structure
- 88.4% (M 86.8% (M
[169] Deionized water 60-360 (Tesla-type shape) Copper % (Max) % (Max)
Hajialibabaei Distilled water Channel geometrical structure Aluminum The maximum reduction of highest
etal. [170] (Wavy shape) temperature decreased is 7.84%.
Linetal. [176] Water 500 Channel geometrical structure Silicon - ~62%
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(Micro-fin and micro-cavity

surface)
Lanetal [188] Distilled water  120.7/210.5 < rannel geometrical structure
(Twisted tape)
Priy et al. .. Channel geometrical structure
D t 206-335.4
(189] eionized water  206-335.49 (Secondary flow path)
Zhou et al. Deionized water Channel geometrical structure
[192] (Micro pin fins manifold)

Channel geometrical structure
Rui et al. [198] HFE-7100 488.3-856.7  (Tesla-type shape and sector
bump shape)

Oxygen-free

- 80.9% (Max)
copper
PDMS and ) 3%
copper
Chrome-
zirconium - 87% (Max)
copper

Heat transfer coefficient with sector bump
Copper shape is approximately 45 % higher than
that with tesla-type shape in average.

Notes: FP is the four-nozzle plain-wall microchannels. PR is the plain microchannels with inlet restrictors.
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Table 4. Selected studies of enhanced flow boiling heat transfer using surfactants in micro/mini-channels.

Enhancement = Enhancement of

Authors Surfactants Optimal concentration Enhancement types of CHF HTC
Kumar et al. [216] SDS 4 Wt.% Surfz‘lf;?gs; 523;31;03 44.6% 29.7%
Wang et al. [217] SDS 2%o surfactant + Cflfﬁgized water or 70% 140%
Wang et al. [218] CTAC/NaSal 0.1%o surfactant aqueous solution 26% 36%
Zhang et al. [220] SDBS 0.05% ((Z?OBZ )S 0. 1%o surfactant + SiO2 nanofluid 18% (Max) -
Zhang et al. [225]  SDBS, CTAB, Span80 . s“rfa“ai;o‘?]ﬁ%/ R141b - O(Vse];;%?’

Notes: Enhancement types include the combination of surfactants and coatings, and the combination of surfactants and working fluids.
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List of figure captions
Fig. 1. Various passive heat transfer enhancement techniques: (a) Triangular groove shape
channels [25]; (b) Twisted tape channels [26]; (¢) Embowed groove shape channels [31]; (d)
Pin-fin rib channels [33]; (e) Wavy shape channels [41] and (f) Longitudinal vortex generator
array channels [42]. [(a), (b), (d), (e) and (f), copyright obtained from Elsevier; (¢) CC-BY
license.]
Fig. 2. Surface topology and SEM images of various porous coating structures: (a) Micro-
structured surfaces and micro-nano-hierarchical-structured surfaces by PDMS coatings [51]; (b)
Etched surface and rose petal surfaces [52] and (c) Nanoscale structures on the microporous
coatings [53]. [Copyright obtained from Elsevier.]
Fig. 3. The enhanced flow boiling heat transfer performance in composite microchannel heat
sink [54]. [Reproduction and copyright obtained from Elsevier.] (a) Comparison of heat
transfer performance between base surface and enhanced surface. (b) Schematic of the surface
boiling curves.
Fig. 4. Comparison of the channel classification criteria A by Mehendale and Jacobi [62] and
criteria B by Kandlikar and Grande [63].
Fig. 5. Classification of flow boiling heat transfer enhancement techniques: (a) Spraying
process [71]; (b) Chemical vapor deposition [73]; (c) Sintering process [76, 77]; (d) Laser
etching [81]; (e) Chemical etching [82]; (f) Hot embossing [84] and (g) Electrochemical
deposition [119]. [Reproduction and copyright obtained from Elsevier.]
Fig. 6. Comparison of non-uniform wetting patterns [98]. [Copyright obtained from Elsevier.]

Fig. 7. SiOC coating non-uniform wetting surface [101]. [Reproduction and copyright obtained
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from Elsevier.]

Fig. 8. Surface structure of the copper particle sintered porous structure coating with different
particle sizes [76]. [Copyright obtained from Elsevier.]

Fig. 9. Comparison of the copper particle sintered porous structure coating porosity and heat
transfer with different particle sizes. Experimental conditions in this figure: the inlet
temperature is 60 °C and the mass flux is 142 kg/(m?s) [76]. [Reproduction and copyright
obtained from Elsevier.]

Fig. 10. Comparison between Al,O3; microporous coating and TiO, microporous coating [107].
[Copyright obtained from Elsevier.]

Fig. 11. SEM images of CNPs coatings. [Copyright obtained from Elsevier.] (a) SEM image of
different CNTs coating microstructure [73]. The left image shows the CNTs coating before the
experiment, while the right image shows the CNT cellular and the unique “fish scale” shape
coating formed after multiple experiments. (b) SEM image of sandblasted copper and CNTs
coating microstructure [112]. The image on the left is the sand blasted copper surface, the
middle is the diamond coated surface, and the right is the CNTs coating surface. In addition,
there is also an inset of the contact angle in the bottom left corner of each image. (c¢) Coating
microstructure and the alternating non-uniform wetting surface [113]. The two images in the
upper layer show the non-uniform CNTs coating surface and the uniform CNTs coating surface,
respectively; the middle layer is Teflon-coated GPCNTs and GPCNT coating after exposure to
O2 plasma; the lower layer is a wetting surface composed of parallel and alternating
superhydrophobic and superhydrophilic regions.

Fig. 12. The trend of enhanced heat transfer of CNTs coatings with various mass flux [112].
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[Reproduction and Copyright obtained from Elsevier. ]

Fig. 13. Mechanism and comparison of enhanced heat transfer of graphene coatings [114]: (a)
Liquid permeation dynamic process of GNPs/SE coating; (b) Liquid permeation dynamic
process of GNPs/CE coating. In this figure: superhydrophilic surface GNPs/SE(I) (the
GNPs/SE coating was cured at 300 °C for 40 min, ultrafast water permeability),
superhydrophilic surface GNPs/SE(II) (the GNPs/SE coating was cured at 250 °C for 40 min),
superhydrophobic surface GNPs/CE(I) (the GNPs/CE coating was cured with Kapton
polyimide tape at 300 ~C for 40 min), hydrophobic surface GNPs/CE(II) (the GNPs/CE coating
was cured at 180 °C for 5 h). [CC-BY license.] (a) GNPs/SE coating. (b) GNPs/CE coating.
Fig. 14. The dynamics of bubbles during the flow boiling process (the pressure-induced wetting
transition process) [115]: (a) Conventional superhydrophobic surface; (b) Superhydrophobic
GNPs-coated surface. [CC-BY license.]

Fig. 15. Comparison of the SEM images of the surface microstructure of Cu-TiO> coatings
prepared with two electrochemical deposition techniques [116]: (a) Bare copper surface; (b)
Two-step electrochemical deposition porous coating surface. [Copyright obtained from
Elsevier.]

Fig. 16. Comparison of the SEM images Cu-Al>Os3 porous coating surface micropores with two
current densities [119]. The left is higher current density (150 mA/cm?) and the right is lower
current density (50 mA/cm?). [Copyright obtained from Elsevier.]

Fig. 17. Comparison of the CHF enhancement and porosity with different Cu-Al>O3 porous
coatings [118-120]. [Reproduction and copyright obtained from Elsevier.]

Fig. 18. Microstructures and boiling of the laser-induced surfaces [81]. [Copyright obtained
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from Elsevier.] (a) Surface microstructure and wettability. (b) Comparison of the bubble
nucleation and growth processes at the heat flux of 50 W/cm? and the mass flux of 400 kg/(m?s).
Fig. 19. Improvement rate of the CHF in minichannels of the laser-induced surfaces at the mass
flux of 400 kg/(m?s) [81]. [Reproduction and copyright obtained from Elsevier.]

Fig. 20. Differences in porous coatings with different particle sizes [135]. [Reproduction and
copyright obtained from Elsevier.] (a) SEM image of porous coatings and corresponding binary
method image. (b) Change in porosity of porous coatings.

Fig. 21. Porous copper woven tape structure [77, 142]. [Reproduction and copyright obtained
from Elsevier.] (a) Schematic diagram of porous structure. (b) Comparison of bubble diameter
at G = 253 kg/(m?s) and gefr= 11.2 kW/m?.

Fig. 22. Structure and nucleation mechanism of solid channels and porous channels [143]. The
left image is solid copper substrate heat sink and the right is sintering porous substrate heat sink.
[Copyright obtained from Elsevier.]. (a) Comparison of microstructure. (b) Bubble nucleation
process.

Fig. 23. Comparison of the HTC enhancement with different Cu-Al,O3 coatings formed by
various techniques [118-120]. [Reproduction and copyright obtained from Elsevier. |

Fig. 24. Comparison of flow patterns between hydrophilic and hydrophobic surfaces [148].
[Copyright obtained from Elsevier.]

Fig. 25. Flow boiling in minichannels with a heat flux of 380 kW/cm? and a mass flux of 42
kg/(m?s) [114]: (a) Uncoated surface; (b) GNPs/SE (I) surface; (c) GNPs/SE (II) surface; (d)
GNPs/CE (1) surface and (¢) GNPs/CE (II) surface. [CC-BY license.]

Fig. 26. SEM images of the microstructures of textured surfaces formed by laser etching
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techniques [150]. [Copyright obtained from Elsevier. ]

Fig. 27. Gradient wick minichannel heat sink [155]: (a) Schematic of a possible liquid-vapor
interface; (b) Schematic of the structure. In this figure: “T.F.E.”, “S. Ph.” and “T. Ph.” stand for
thin film evaporation, single-phase, and two-phase, respectively. [Copyright obtained from
Elsevier.]

Fig. 28. The structure of secondary flow path based on hydrophobic porous PDMS [189].
[Copyright obtained from Elsevier.]

Fig. 29. The structures and flow patterns of aluminum-based porous rib minichannels [208].
[Copyright obtained from Elsevier.] (a) Schematic diagram of mini-channel structure. (b)
Comparison of nucleation and boiling development processes at a mass flux of 115.5 kg/(m?s)
and an inlet temperature of 60 °C.

Fig. 30. Different flow patterns in foam copper microchannels [151]: (a) and (b) bubbly flow
(G =205 kg/(m?s), gerr = 296 W/cm?, x = 0.007); (c) and (d) slug flow (G = 68 kg/(m?s), gefr =
17 W/em?, x = 0.04); (e) and (f) churn flow (G = 102 kg/(m?s), gesr = 56 W/em?, x = 0.09); (g)
and (h) annular flow (G = 68 kg/(m?s), getr= 117 W/cm?, x = 0.53) and (i) and (j) wispy-annular
flow (G = 409 kg/(m?s), gerr = 297 W/cm?, x = 0.19). [Copyright obtained from Elsevier.]

Fig. 31. Influence of twisted tapes on flow patterns. [Copyright obtained from Elsevier.] (a) The
high-speed images and reconstructed images for the plain minichannel heat sink, the
minichannel heat sinks with twisted tape lengths of 100 mm (STTI-100) and the minichannel
heat sinks with twisted tape lengths of 150 mm (FTTI-150) at gesr = 142.4 kW/m?, G = 120.7
kg/(m?s) and T, = 80 °C [188]. (b) Flow images for distinct flow patterns during R134a

convective flow boiling at p = 550 kPa and twist ratio is 4 [213].
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Fig. 32. Flow pattern snapshot at 7i, = 20 °C, m = 2.93 g/s [198]: (a) Tesla-type structure at gefr
= 12.97 W/cm?; (b) Sector bump structure at gerr = 12.84 W/cm?. [Copyright obtained from
Elsevier.]

Fig. 33. The nucleation sites on heating surface at different CTAC/NaSal aqueous solution
concentrations [218]: (a) The heat flux is 1.7 x 10° W/m?; (b) The heat flux is 2.9 x 10> W/m?.
[Copyright obtained from Elsevier.]

Fig. 34. Sequential images of the flow patterns in channels at ¢ = 2.9 x 10° W/m? (G = 152
kg/(m?s), ATab, in = 20 K) [218]: (a) Water; (b) 0.1%0 CATC/NaSal solution. [Copyright
obtained from Elsevier.]

Fig. 35. Comparison of the flow pattern in straight microchannels [224]: (a) Without surfactant
SDS; (b) With surfactant SDS. [Copyright obtained from Elsevier.]

Fig. 36. Schematic diagram in formation of composite enhanced structures.

Fig. 37. An ideal heat transfer mechanism for composite enhanced heat transfer techniques.
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Fig. 1. Various passive heat transfer enhancement techniques: (a) Triangular groove shape

channels [25]; (b) Twisted tape channels [26]; (¢) Embowed groove shape channels [31]; (d)
Pin-fin rib channels [33]; (e) Wavy shape channels [41] and (f) Longitudinal vortex generator
array channels [42]. [(a), (b), (d), (e) and (f), copyright obtained from Elsevier; (¢) CC-BY

license.]

121



(b)

Fig. 2. Surface topology and SEM images of various porous coating structures: (a) Micro-
structured surfaces and micro-nano-hierarchical-structured surfaces by PDMS coatings [51]; (b)
Etched surface and rose petal surfaces [52] and (c) Nanoscale structures on the microporous

coatings [53]. [Copyright obtained from Elsevier.]
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Fig. 3. The enhanced flow boiling heat transfer performance in composite microchannel heat

sink [54]. [Reproduction and copyright obtained from Elsevier. ]
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Fig. 4. Comparison of the channel classification criteria A by Mehendale and Jacobi [62] and

criteria B by Kandlikar and Grande [63].
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Fig. 5. Classification of flow boiling heat transfer enhancement techniques: (a) Spraying
process [71]; (b) Chemical vapor deposition [73]; (c) Sintering process [76, 77]; (d) Laser
etching [81]; (e) Chemical etching [82]; (f) Hot embossing [84] and (g) Electrochemical

deposition [119]. [Reproduction and copyright obtained from Elsevier.]
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Fig. 6. Comparison of non-uniform wetting patterns [98]. [Copyright obtained from Elsevier.]
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Fig. 7. SiOC coating non-uniform wetting surface [101]. [Reproduction and copyright obtained

from Elsevier.]
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Fig. 8. Surface structure of the copper particle sintered porous structure coating with different

particle sizes [76]. [Copyright obtained from Elsevier.]

128



70F A Po_r(?sity A 1180
@ Critical heat flux ,.._.-.‘_\
gof =~ I o0°C oA <
G=142 kg/(mzs) \\_\ @ -4 160 =
~—._t 4 8
~50F o sld=4.4 ) 6/d=26 S
S R 5/d=33 4140 x
> =
§ 40 5ld=8 =
S §ld=13 , e {120 2
30 A .§
&1d =40 4100 €
20 [} (@)
10 180
1 " 1 " 1 " 1 " 1 " 1

0 30 60 90 120 150
Average particle size (um)

Fig. 9. Comparison of the copper particle sintered porous structure coating porosity and heat
transfer with different particle sizes. Experimental conditions in this figure: the inlet

temperature is 60 °C and the mass flux is 142 kg/(m?s) [76]. [Reproduction and copyright

obtained from Elsevier.]
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Fig. 10. Comparison between Al,O3 microporous coating and TiO2 microporous coating [107].

[Copyright obtained from Elsevier.]
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After five boiling tests at v
the highest mass velocity v

(a) SEM image of different CNTs coating microstructure [73]. The left image shows the CNTs
coating before the experiment, while the right image shows the CNT cellular and the unique

“fish scale” shape coating formed after multiple experiments.

(b) SEM image of sandblasted copper and CNTs coating microstructure [112]. The image on
the left is the sand blasted copper surface, the middle is the diamond coated surface, and the
right is the CNTs coating surface. In addition, there is also an inset of the contact angle in the

bottom left corner of each image.
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Bovndary

(c) Coating microstructure and the alternating non-uniform wetting surface [113]. The two
images in the upper layer show the non-uniform CNTs coating surface and the uniform CNTs
coating surface, respectively; the middle layer is Teflon-coated GPCNTs and GPCNT coating
after exposure to Oz plasma; the lower layer is a wetting surface composed of parallel and

alternating superhydrophobic and superhydrophilic regions.

Fig. 11. SEM images of CNPs coatings. [Copyright obtained from Elsevier.]
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[Reproduction and Copyright obtained from Elsevier.]
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Fig. 13. Mechanism and comparison of enhanced heat transfer of graphene coatings [114]: (a)
Liquid permeation dynamic process of GNPs/SE coating; (b) Liquid permeation dynamic
process of GNPs/CE coating. In this figure: superhydrophilic surface GNPs/SE(I) (the
GNPs/SE coating was cured at 300 °C for 40 min, ultrafast water permeability),
superhydrophilic surface GNPs/SE(II) (the GNPs/SE coating was cured at 250 C for 40 min),
superhydrophobic surface GNPs/CE(I) (the GNPs/CE coating was cured with Kapton
polyimide tape at 300 °C for 40 min), hydrophobic surface GNPs/CE(II) (the GNPs/CE coating

was cured at 180 oC for 5 h). [CC-BY license.]
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Fig. 14. The dynamics of bubbles during the flow boiling process (the pressure-induced wetting
transition process) [115]: (a) Conventional superhydrophobic surface; (b) Superhydrophobic

GNPs-coated surface. [CC-BY license. ]
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Fig. 15. Comparison of the SEM images of the surface microstructure of Cu-TiO2 coatings
prepared with two electrochemical deposition techniques [116]: (a) Bare copper surface; (b)
Two-step electrochemical deposition porous coating surface. [Copyright obtained from

Elsevier.]

137



Date 3 Nov 2017 Dute 30 0ct 2017

BIsy S|
H WOSR2fmn Mg SOCOKX  Tme 222388 . H WORISMM Mg SODKX  Tme21SR2 .

Magnification 50000X

Fig. 16. Comparison of the SEM images Cu-Al>O;s porous coating surface micropores with two
current densities [119]. The left is higher current density (150 mA/cm?) and the right is lower

current density (50 mA/cm?). [Copyright obtained from Elsevier.]
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Fig. 17. Comparison of the CHF enhancement and porosity with different Cu-Al>O3 porous

coatings [118-120]. [Reproduction and copyright obtained from Elsevier.]
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(b) Comparison of the bubble nucleation and growth processes at the heat flux of 50 W/cm? and

the mass flux of 400 kg/(m?s).

Fig. 18. Microstructures and boiling of the laser-induced surfaces [81]. [Copyright obtained

from Elsevier.]
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Fig. 19. Improvement rate of the CHF in minichannels of the laser-induced surfaces at the mass
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(a) SEM image of porous coatings and corresponding binary method image.
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(b) Change in porosity of porous coatings.

Fig. 20. Differences in porous coatings with different particle sizes [135]. [Reproduction and

copyright obtained from Elsevier.]
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(a) Schematic diagram of porous structure.
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(b) Comparison of bubble diameter at G = 253 kg/(m?s) and gesr = 11.2 kW/m?.

Fig. 21. Porous copper woven tape structure [77, 142]. [Reproduction and copyright obtained

from Elsevier.]
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(b) Bubble nucleation process.

Fig. 22. Structure and nucleation mechanism of solid channels and porous channels [143]. The
left image is solid copper substrate heat sink and the right is sintering porous substrate heat sink.

[Copyright obtained from Elsevier.].
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Fig. 23. Comparison of the HTC enhancement with different Cu-Al,O3 coatings formed by

various techniques [118-120]. [Reproduction and copyright obtained from Elsevier. ]
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Fig. 24. Comparison of flow patterns between hydrophilic and hydrophobic surfaces [148].

[Copyright obtained from Elsevier.]
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GNPs/CE (II) - Hydrophobic 1 mm

Fig. 25. Flow boiling in minichannels with a heat flux of 380 kW/cm? and a mass flux of 42
kg/(m?s) [114]: (a) Uncoated surface; (b) GNPs/SE (I) surface; (c) GNPs/SE (II) surface; (d)

GNPs/CE (1) surface and (e) GNPs/CE (II) surface. [CC-BY license.]
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Supe-rhydréphililc

Superhydrophobic. - - -

Fig. 26. SEM images of the microstructures of textured surfaces formed by laser etching

techniques [150]. [Copyright obtained from Elsevier.]

148



Low-T

High-T

Fig. 27. Gradient wick minichannel heat sink [155]: (a) Schematic of a possible liquid-vapor
interface; (b) Schematic of the structure. In this figure: “T.F.E.”, “S. Ph.” and “T. Ph.” stand for
thin film evaporation, single-phase, and two-phase, respectively. [Copyright obtained from

Elsevier.]
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Fig. 28. The structure of secondary flow path based on hydrophobic porous PDMS [189].

[Copyright obtained from Elsevier.]
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Porous rib
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(a) Schematic diagram of mini-channel structure.

Ger=62.4 kW/m®
Bubbly flow

=§}> Minichannel I

Slug flow Churn flow Annular flow

(b) Comparison of nucleation and boiling development processes at a mass flux of 115.5

kg/(m?s) and an inlet temperature of 60 °C.

Fig. 29. The structures and flow patterns of aluminum-based porous rib minichannels [208].

[Copyright obtained from Elsevier.]
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Fig. 30. Different flow patterns in foam copper microchannels [151]: (a) and (b) bubbly flow
(G =205 kg/(m?s), gerr = 296 W/cm?, x = 0.007); (c) and (d) slug flow (G = 68 kg/(m?s), gefr =
17 W/em?, x = 0.04); (e) and (f) churn flow (G = 102 kg/(m?s), gesr = 56 W/em?, x = 0.09); (g)
and (h) annular flow (G = 68 kg/(m?s), gerr= 117 W/cm?, x = 0.53) and (i) and (j) wispy-annular

flow (G = 409 kg/(m?s), gerr = 297 W/cm?, x = 0.19). [Copyright obtained from Elsevier.]
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PMCHS STTI-100 | FTTI-150

[ Liquid @@ Solid
Inlet [0 Vapor [ Twisted tape insert

(a) The high-speed images and reconstructed images for the plain minichannel heat sink, the
minichannel heat sinks with twisted tape lengths of 100 mm (STTI-100) and the minichannel
heat sinks with twisted tape lengths of 150 mm (FTTI-150) at gess = 142.4 kW/m?, G = 120.7

kg/(m?s) and Tin = 80 °C [188].

a) |

b)

d)

“Chord" flow

e)

(b) Flow images for distinct flow patterns during R134a convective flow boiling at p =550 kPa
and twist ratio is 4 [213].

Fig. 31. Influence of twisted tapes on flow patterns. [Copyright obtained from Elsevier.]
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Fig. 32. Flow pattern snapshot at 7i, = 20 °C, m = 2.93 g/s [198]: (a) Tesla-type structure at gesr

= 12.97 W/cm?; (b) Sector bump structure at gesr = 12.84 W/cm?. [Copyright obtained from

Elsevier.]
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Fig. 33. The nucleation sites on heating surface at different CTAC/NaSal aqueous solution
concentrations [218]: (a) The heat flux is 1.7 x 10> W/m?; (b) The heat flux is 2.9 x 10° W/m?.

[Copyright obtained from Elsevier.]
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Fig. 34. Sequential images of the flow patterns in channels at ¢ = 2.9 x 10° W/m? (G = 152
kg/(m?s), ATab, in = 20 K) [218]: (a) Water; (b) 0.1%0 CATC/NaSal solution. [Copyright

obtained from Elsevier.]
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Fig. 35. Comparison of the flow pattern in straight microchannels [224]: (a) Without surfactant

SDS; (b) With surfactant SDS. [Copyright obtained from Elsevier.]
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[ Enhanced flow boiling heat transfer ]
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Fig. 36. Schematic diagram in formation of composite enhanced structures.
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Fig. 37. An ideal heat transfer mechanism for composite enhanced heat transfer techniques.
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