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Abstract

Flow boiling in multi micro-channel evaporators is a promising approach to cooling high
heat flux in many devices. Understanding of the fundamentals of flow boiling in multi
microchannel evaporators is urgently needed. This paper presents a critical review on the research
of flow boiling phenomena in microchannels. First, classifications of macro- and micro-channels
are briefed. Then, studies on flow boiling in multi microchannels with plain surface are analyzed.
Next, studies of flow boiling in multi microchannels with various enhanced technologies are
analyzed. Finally, heat transfer mechanisms and development of prediction methods are discussed.
According to the critical review and analysis of the current research on the fundamental issues and
challenges of flow boiling in micro-channels, future research needs have been identified and
recommended. In general, systematic and accurate experimental data of flow boiling in micro-
channels are needed by using advanced measurement technologies. In particular, optimal design of
microchannel evaporators with plain surface and enhanced structures is lacking and should be

investigated. The physical mechanisms of flow boiling should be further investigated based on the



corresponding flow patterns. Furthermore, mechanistic prediction methods should be developed.
Furthermore, systematic experimental, analytical and modelling studies on transient flow boiling
phenomena in micro-channels should be conducted to understand the physical mechanisms and

develop the theoretical models.
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Introduction

Advanced reliable and effective high heat flux cooling technologies are crucial in a wide
spectrum of industrial processes such as high power electronics, microelectronics, micro-processers
in the computer and information technology, micro reactors, microfluidics, fuel cells, turbine
blades, concentrator photovoltaic systems, battery packs in hybrid vehicles, advanced military
avionics, defense radars, directed-energy lasers, electromagnetic weapons, space, thermal power
plant and nuclear energy etc. [1-6]. Breakthroughs in many of today’s cutting-edge technologies
require advanced high heat flux and ultra high heat flux cooling technologies which are becoming
increasingly dependent upon the ability to safely dissipate enormous amounts of heat from very
small areas [+216;7-9]. Two ranges of heat flux can be loosely identified relative to the magnitude
of the heat dissipation and the type of coolant permissible in a particular application. These are the
high fluxes of 10? — 10°® W/cm?, and the ultra high fluxes of 10? -10° W/cm? [2]. The higher heat
fluxes must be removed while maintaining the material temperatures below prescribed limits, for
example, the current high heat flux for power electronics in electric vehicles reaches up to
300 W/cm? at the chip level, while in some applications, such as defense power electronics, it can
reach up to 1000 W/cm? [2-6; 10-16]. Over the past decades, the cooling schemes such as pool
boiling, detachable heat sinks, channel flow boiling, microchannel and mini-channel heat sinks, jet-
impingement and sprays are discussed and compared relative to heat dissipation potential,
reliability, and packaging concerns [2—4-6,—9-14]. Of the available high heat flux cooling
technologies, flow boiling in multi micro-channel evaporators is one of the most promising cooling
solutions for cooling the high power density devices due to (1) the high heat transfer during boiling,
(2) the large heat transfer area per unit fluid flow volume, (3) compact heat sink size, (4) small flow

rate of coolant and (5) low pumping power. However, fundamentals and technology innovations of
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flow boiling in micro-channel evaporators such as heat transfer performance heat transfer
mechanisms, CHF, flow regimes, two phase instabilities, pressure drop, two phase flow instabilities,
transient heat transfer behaviors and heat transfer enhancement technologies are urgently needed in
order to understand the flow boiling phenomena and physical mechanisms, develop prediction
methods and optimize and design suitable micro-channel evaporators with plain and enhanced
structures for cooling high heat flux and ultra high heat flux devices in various technological
applications {4-2-6:9-11}

Over the past decades, efforts have been made to understand the fundamentals of flow
boiling heat transfer performance, flow regimes, CHF, pressure drop and two-phase flow
instabilities of conventional parallel microchannels with plain surface. In particular, stability of
liquid vapor two-phase flow and is the key to the efficiency and safety of heat dissipation of high
heat flux devices {4-6:-15}. Flow instabilities may greatly affect flow boiling heat transfer and CHF
in microchannel evaporators. Due to the reduced influence of gravity, surface tension and other
interfacial forces become prominent for flow boiling in microchannels, the flow boiling heat
transfer and two phase flow characteristics in microchannel evaporators are quite different from
those in macro-channel evaporators. However, they are less understood than those in macro-
channels. In particular, advanced measurement techniques specially for microscale flow boiling
phenomena and characteristics such local flow boiling heat transfer characteristics, CHF, flow
patterns, pressure drop and flow instabilities are urgently needed. Although numerous studies have
been conducted over the past decades, quite different results and mechanisms have been obtained
from one research to another. There are big challenges in this research field.

Enhancement of flow boiling heat transfer and CHF and stability of vapor liquid two phase
flow in micro-channel evaporators are important to meet the high heat flux cooling requirements

[17-20]. Over the past years, extensive studies have been conducted to enhance flow boiling
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performances in microchannels in terms of heat transfer coefficient, CHF and stabilization of two-
phase flows. Various heat transfer enhancement approaches including modifying surface properties,
intensifying mixing or disturbance and enhancing nucleate boiling have been exploited to
significantly increase flow boiling heat transfer performances and CHF in multi-microchannel
evaporators [17, 18]. Furthermore, enhanced microchannels with various surface structures have
also attracted much attention to mitigate two-phase flow instabilities in flow boiling. Artificial
micro cavities, porous layers and nano coatings have been proposed to promote bubble nucleation,
increase heat transfer areas, and mitigate rapid bubble growth in stabilities. Using nanofluids is
another approach to enhance boiling heat transfer [13, 19-22]. However, the fouling, clogging,
sedimentation and erosion may do harm to the cooling devices and therefore, nanofluids are not
suitable for flow boiling in microchannel evaporators [13, 22].

Advanced measurement technologies are the key to obtaining accurate experimental results
in the research of flow boiling in microchannel evaporators. Precisely measuring local flow boiling
heat transfer in microchannels is difficult for commonly-used thermal sensors. Verification of heat
transfer mechanisms based on direct observation of fundamental heat transfer phenomena at a small
spatiotemporal scale is insufficient. The available research results of flow boiling in microchannels
are quite different and contradictory at similar experimental conditions [4-9-24; 23, 24]. Some
studies show too much high measured heat transfer coefficients and CHF data but did not explain
the physical mechanisms for such high values. The results might not be correct due to using the
macroscale measurement sensors for microscale flow boiling and thus resulted in big errors or even
wrong results f}. The prediction methods based on the experimental data with big errors or
incorrect data are not able to predict flow boiling heat transfer coefficient and CHF in microchannel
evaporators. Therefore, adopting advanced measurement technologies specially developed for

microscale is crucial in the research of flow boiling phenomena in microchannel evaporators.
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Furthermore, careful calibration of the measurement sensors and verification of thermal balance
should be done for the experimental rig are essential when conducting the research. Proper data
reduction methods should be adopted -

Water is an excellent working fluid with high latent heat and often used for flow boiling in
experimental studies. However, the stringent material and electrical compatibility requirements in
many applications prohibit the use of water in direct contact with current-carrying components,
hence the need to use low boiling point dielectric fluorochemical coolants for cooling high power
devices. For example, FC-72 has a saturation temperature of 56.6°C at atmospheric pressure and
HFE-7100 has a saturation temperature of 61°C at atmospheric pressure, respectively. These
temperatures are low enough to maintain moderate device temperatures but high enough to permit
discharge of the heat to an ambient air an ambient air stream. The thermophysical properties
essentially affect the cooling efficiency for traditional heat transfer coolants. Environmental issues
and the useful physicochemical properties have made the fluorinated liquids (“Fluorinert” and
“Novec” engineered fluids, i.e., the FC series and HFE series) excellent alternatives that have
received much attention, especially the recently developed HFE series with superior environmental
properties. However, dielectric fluorinated liquids still have some key drawbacks as phase change
working fluids, such as poor thermophysical properties such as latent heat and low surface tensions
compared with water. Using flow boiling for high heat flux cooling is adopted by taking the
advantage of high latent heat. In this aspect, water has much higher latent heat than other fluids.
Therefore, many attempts have been undertaken to improve the microchannel flow boiling heat
transfer characteristics of dielectric fluorinated liquids, mainly relying on heat transfer
enhancement approaches such as using artificial micro cavities, porous layers and nano coatings etc.

to promote bubble nucleation and increase heat transfer areas in microchannel evaporators.



Flow boiling in multi micro-channel evaporators is one of the most promising approaches to
cooling high heat flux in high power devices. However, there are challenges of applying this
approach because advanced knowledge of heat transfer performance, transient heat transfer, critical
heat flux (CHF), two phase flow instabilities, pressure drop physical mechanisms, heat transfer
enhancement and optimal design of the microchannels with various structures have not yet fully
established. The objective of this paper is to conduct a critical review on the existing studies
regarding microchannel flow boiling by analyzing the flow boiling data, phenomena and
mechanisms accounting for the effects of channels size, bubble dynamics and flow regimes in both
conventional microchannel evaporators with plain surfaces and enhanced microchannel evaporators
with various structures. The challenges and future research requirements for fundamental and
advanced knowledge of flow boiling, mechanisms, development of prediction methods and optimal
design of microchannel evaporators have been identified and recommended according to the

analysis and discussion in this review.

Classifications of macro- and micro-channels

Various definitions of microchannels based on the engineering applications, bubble
confinements and dimensionless numbers have been proposed and summarized in [1, 8-9:22; 23-
25]. However, the transition between micro- and macro- channels has neither been well defined nor
seriously experimentally investigated f&}. The confinement number has been given different values
according to individual observations and experimental data with limited test fluids, test channels
and test conditions by various researchers. Although a number of such criteria are available, no
universal agreement has been reached according to the dimensionless numbers so far 4525}

Kew and Cornwell [26] proposed the Confinement number Co for the distinction of macro-

and micro-channels as follows:
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when the confinement number Co is less than 0.5, the channel is considered as microscale channel.
Mehendale et al. [27] defined various small and mini heat exchangers in terms of hydraulic
diameter Dy, as follows:
e Micro heat exchanger: Dn=1— 100 um.
e Meso heat exchanger: Dn =100 um — 1 mm.
e Compact heat exchanger: Dh=1—-6 mm.
e Conventional heat exchanger: Dn > 6 mm.

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 micro-electro-
mechanical-systems (MEMS), Kandlikar [8] defined the following ranges of hydraulic diameters
Dn which are attributed to different channels:

e Conventional channels: Dn> 3 mm.
e Minichannels: Dp =200 pm — 3 mm.

It should be realized that the transition from macro-channels to micro-channels is a
continuous process and should correspond to the flow regime, heat transfer behaviors, CHF and the
physical mechanisms. Furthermore, relating flow regime behaviors to the corresponding flow
boiling heat transfer and gas liquid two phase flow behaviors is a practical and effective method to
develop mechanistic prediction models or methods for classifying macro- and micro-channels [28-

32]. This has been validated by the flow pattern based CO> flow boiling model of Cheng et al. [28-



30], which covers both macro- and micro-channels for CO2 flow boiling heat transfer and two
phase flow. Their generalized flow pattern based CO flow boiling heat transfer model predicts
both macro- and micro- channel flow patterns and heat transfer reasonably well [4; 33-35].
Therefore, the macro- and micro- channels may be classified according to the flow boiling heat
transfer characteristics, mechanisms and the corresponding flow regimes. A mechanistic distinction
criterion for macro- and micro-channels may be of practice and effectiveness in developing new
flow boiling heat transfer prediction models. Such a criterion is not yet available and should be

developed in future.

Critical review of the studies on flow boiling in multi-microchannel evaporators with plain
surface

Flow boiling in multi-microchannel evaporator is one of the most promising heat transfer
technologies for high heat flux cooling by utilizing the latent heat of evaporation of a working fluid
to remove the heat generated in high power devices 2-5]. As a result of the better thermal
performance compared to other cooling processes, better axial temperature uniformity, hot spots
cooling capability for cooling electronic chips and elements, reduced coolant flow rates and smaller
pumping powers can be obtained in micro-channel evaporators. Over the past decades, extensive
studies of flow boiling in micro-channel evaporators have been conducted to understand the
phenomena, mechanisms and design of heat sink for high heat flux cooling [36-50]. Several
comprehensive reviews have been presented to address the fundamentals and applications of flow
boiling in microchannels by Cheng and Xia [1], Karayiannis and Mahmoud [6], Kandlikar [8],
Cheng [9], Prajapati and Bhandari [47], Ribatski et al [48] and Tibirica and G. Ribatski [49].

In general, flow boiling occurs in multi micro-channels made in silicon or copper cooling

elements attached to CPUs or high power density devices, or directly in the silicon chip itself.
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Figure 1 shows the silicon die used as the test section by Agostini et al. [51]. It is 1 mm thick and
31x31 mm? in size. Multi microchannels have been etched into the upper face with an inductively
coupled plasma etching process (dry etching) and are shown highly magnified in Fig. 2 (the
magnification is increased in the successive three pictures starting from the top. The second and
third pictures represent a close-up on one wall of the rectangular micro-channels). There are 67
parallel channels, which are 20 mm long, 223 um wide and 680 um high with a fin width of 80 um.
The schematic diagram is shown in Fig. 3 (a). Cheng and Thome [35] have presented simulation
results of flow boiling and two phase frictional pressure drop of CO in the same multi-
microchannel evaporator as the one by Agostini et al. [51]. Figure 3 (a) shows schematic of the
multi micro-channel evaporator for chips cooling with the CO> flow boiling. Figure 3(b) shows the
comparison of the simulated base temperatures using CO: as the working fluid with the Cheng et al.
flow patterns based mechanistic heat transfer models [29, 30] and the measured basR236fa flow
boiling in the multi microchannel evaporator shown in Fig. 3(a). It has been found that the superior
heat transfer performance can be achieved with flow boiling in the micro-channel evaporator.

Flow boiling characteristics and mechanisms such as heat transfer, CHF and two phase
pressure drops in micro-channels are quite different from those in conventional channels according
to the available studies 3-8} Due to the confined space effect, two phase flow phenomena such as
flow regimes, backflow and flow instabilities need to be understood for various working fluids and
operation conditions [1-6; 47]. There are challenges in achieving comprehensive knowledge and
technology development of flow boiling in multi microchannel evaporators, therefore, analysis of
the flow boiling heat transfer, CHF, mechanisms, flow regimes and flow instabilities in multi

microchannel evaporators with plain surface are critically reviewed and analyzed in this section.
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Flow boiling heat transfer, flow regimes, mechanisms and CHF in microchannel evaporators

Over the past decades, a large number of experimental studies of flow boiling in multi-
microchannel evaporators have been extensively conducted to understand the fundamentals of flow
boiling phenomena and practical design for cooling systems of micro-channel heat sinks. Multi
microchannels with various shapes such as rectangular, trapezoidal, circular and triangular etc.
were used in the experiments. Various fluids such as water, refrigerants, dielectric fluids and others
have been employed as the working fluid in the experiments under different test conditions. The
channel size and confinement have a significant on the flow boiling characteristics, flow regimes,
two phase flow instabilities, CHF and physical mechanisms. Compared to those in macro-channels,
flow boiling phenomena in micro-channels have not yet been well understood. The available
studies of flow boiling heat transfer phenomena in micro-channels have exhibited contradictory
results although a large amount of experimental work, theory and prediction methods for flow
boiling in microchannels have extensively been conducted so far f}. The recent studies on the
fundamentals of flow boiling in multi microchannel evaporators are focused on here. Table 1
summarizes the selected experimental studies on flow boiling heat transfer, flow regimes, CHF,
mechanisms, two phase pressure drop and two phase instabilities in micro-channels.

Agostini et al. [51-53] et al. measured local heat transfer coefficients and CHF for
refrigerant R236fa and R245fa flow boiling in a silicon multi-microchannel heat sink for a large
range of heat fluxes, mass velocities and vapor qualities. The heat sink is shown in Fig. 1 and Fig. 3
(a). Figure 4 shows their measured local heat transfer coefficient of R236fa versus the local vapor
quality at mass velocities from 281 to 1501 kg/m?s and fixed heat fluxes of 37.7 and 103.3 W/cm?.
From their study, three main heat transfer trends were outlined. At the low heat fluxes, vapor
qualities and mass velocities, the heat transfer coefficient increases with increasing the vapor

quality and is independent of the heat flux and mass velocity. At medium heat fluxes, the heat
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transfer coefficient is almost independent of the vapor quality and increases with increasing the
heat flux and slightly dependent on the mass velocity. At very high heat fluxes, the heat transfer
coefficient increases slightly with increasing the mass velocity and decreases with increasing the
heat flux. This later trend is probably due to intermittent dry-out before reaching CHF [52]. These
results contrast significantly with macroscale flow boiling trends. In particular, the convective
boiling regime does not seem to exist in the microchannels. The predominance of heat transfer
coefficients mainly dependent on heat flux reported by a number of studies is confirmed. It should
be pointed out that quite different experimental heat transfer results, tends and mechanisms of flow
boiling in microchannels have been obtained by various researchers in the literature [4 48, 49].
Even for the results by Agostini et al., quite different heat transfer trends have been obtained.
Figure 5 shows a logic diagram of the major heat transfer trends identified for R245fa and R236fa
in their study. It can be seen that the trends are very similar for both fluids with two exceptions. For
R245fa the heat transfer coefficient is more dependent on the mass velocity than for R236fa. At
high mass velocities and low heat fluxes, the heat transfer coefficient of R245fa shows a fourth
peculiar trend (iv): the U shape with vapor quality and a decrease in heat transfer coefficient with
increasing heat flux. However, this combination of operational parameters corresponds to very low
wall-fluid temperature differences (typically around 1 K) and very low vapor quality (less than 5%)
where the experimental uncertainty is the highest (x30%). Furthermore, heat transfer coefficients
measured for low heat flux g, low vapor quality x and high mass velocity G are likely to be
influenced by the bubbles generated by the inlet orifice by cavitation. Similar to other studies,
different combination of operational parameters in flow boiling may result in quite different heat
transfer trends which represent different heat transfer mechanisms. Different microchannels with
various shapes and dimensions may also affect the heat transfer trends and mechanisms. Different

fluids have quite different thermal physical properties which have a significant effect on the heat
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transfer behaviors and mechanisms. It must be pointed out that quite big discrepancy among the
available studies regarding the heat transfer coefficients, trends and mechanisms even for the same
fluids at similar conditions but it is difficult to explain such results {}.

CHF refers to the value of heat flux at which the local heat transfer coefficient decreases
sharply due to the replacement of liquid by vapor adjacent to the heat transfer surface. In most
cases, once this limiting condition is detected as a sharp rise of surface temperature, the heating
power must be cut before the component physically burns out. For designing the cooling systems
for micro-processor chip and high power devices, advanced knowledge of the CHF is essential in
determining the upper operating limit of the cooling systems for safe operation. Cheng [9] has
presented a comprehensive review of the studies on CHF phenomena during flow boiling in micro-
channels and nucleate pool boiling in confined spaces 8. There are challenges of studies on CHF
in microchannels. Although a large number of studies on CHF in multi microchannel evaporators
have been conducted over the past decades, quiet different results have been obtained from one
study to another. Furthermore, the prediction methods are mostly based on limited working fluids
and experimental conditions but often be extended to other fluids and conditions, thus give poor
prediction results in most cases. Apparently, generalized prediction methods are not yet available
for micro-channel evaporators so far as of the lack of accurate CHF data and mechanisms.

In recent years, research on CHF in microchannel evaporators continues increasing to
understand the fundamentals [53-55]. Park and Thome [54] conducted experimental study of CHF
at low mass velocities and low pressures for two microchannel heat sinks. One has 20 parallel
rectangular channels with 467 pum wide and 4052 pum deep and the other one has 29 rectangular
channels with 199 um wide and 756 um deep. Figure 6 shows the experimental base CHF versus
mass velocity in the microchannel evaporator with the channel depth H = 4052 um. R134a was

tested at the saturation temperature of 25°C with different subcooling degrees and the mass velocity
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in the range of 100 — 400 kg/m?s. While CHF increases with increasing the mass velocity, its rate
of rise becomes less at higher mass velocities. On the other hand, CHF increases moderately with
increasing the inlet subcooling. Consequently, the highest base heat flux reaches 342W/cm? at the
mass flux of 400 kg/m?s and the subcooling of 20 K. This is the highest value reached in their study.
This value however should not be taken as the maximum for the test conditions, as the test
geometry is in no way optimized to find this limit. Figure 7 shows the experimental base CHF
versus mass velocity in the microchannel evaporator with the channel depth H = 756 pum at the
same test conditions as in Fig. 6. As the mass velocity increases, CHF also increases and shows the
same trend as that in Fig. 6. However, no significant subcooling effect was observed in their study.
This means the channel depth corresponding the aspect ratio may have a significant effect on CHF
but systematic knowledge of the effect of aspect ratio on CHF for different experimental conditions
and working fluids should be further conducted.

It should be pointed out here that for both flow boiling heat transfer, CHF and mechanisms
in microchannel evaporators, one key point is to adopt advanced measurement technologies
specially for microscale flow boiling experiments. Properly designed experimental systems are
needed and careful calibrations of the sensors and the whole experimental systems should be
performed. Proper data reduction methods should be used. Deep analysis of the results and physical
mechanisms are extremely important but are often missing in many published papers &8} Aspect
ratio has a significant effect on the flow boiling heat transfer, flow regimes and CHF [62; 64].
However, systematic knowledge of the effect of aspect ratio on flow boiling microchannel
evaporators is needed. Effort should be made to develop generalized mechanistic prediction
methods for flow boiling heat transfer and CHF in future while systematic and accurate

experiments should be conducted to obtain proper test data at first.
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Understanding flow boiling heat transfer, CHF and mechanisms should be related to the
corresponding flow regimes in micro-channel evaporators 523-25:29-32}. Lee and Mudawar [50]
investigated the two-phase heat transfer characteristics of two large micro-channel evaporators in
the vapor compression loop using R134a as refrigerant for the development of a thermal
management system operating in vapor compression mode to tackle high heat sink temperatures in
future manned space endeavors. Both evaporators feature parallel micro-channels with identical
1x1-mm? cross-section. The evaporators are connected in series, with the smaller 152.4-mm long
evaporator situated upstream of the larger 609.6-mm long evaporator. They conducted systematic
assessment of the dominant heat transfer mechanisms using both heat transfer measurements and
high-speed video. Figure 8(a) shows the variation of the two-phase heat transfer coefficient along
the avionics heat exchanger (H/X) for g = 44,401.1 W/m? and G =340.23 kg/m?s and figure 8(b)
shows the dominant heat transfer mechanisms along the micro-channel for low, mid, and high
vapor quality conditions. The dominant flow patterns and corresponding heat transfer mechanisms
can be summarized here as (i) For the avionics H/X, which is associated with both low and high
vapor qualities, both flow patterns and heat transfer mechanisms change drastically for different
vapor quality ranges; (ii) For low vapor qualities of Xe < 0.36, bubbly and mostly slug flow are
dominant, and heat transfer is associated mostly with nucleate boiling; (iii) For mid vapor quality
range of 0.36 < Xe < 0.50, annular flow is prevalent and heat transfer is the result of convective
boiling across the annular film; (iv) At xe = 0.5, incipient dryout marks the point where the heat
transfer coefficient begins to decrease appreciably with increasing the vapor quality because of
localized dryout of the annular film. (v) While annular flow persists in the high range of 0.50 < xe <
0.74, increasing the vapor quality increases the size and number of dryout regions; (vi) Complete
dryout is encountered around Xe = 0.74, following which mist flow prevails, where the wall is

mildly cooled by liquid droplets deposited from the vapor core. Overall, it is shown low qualities
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are associated with slug flow and dominated by nucleate boiling, and high qualities with annular
flow and convective boiling. Important transition points between the different heat transfer regimes
are identified as (1) intermittent dryout, resulting from vapor blanket formation in liquid slugs
and/or partial dryout in the liquid film surrounding elongated bubbles, (2) incipient dryout,
resulting from dry patch formation in the annular film, and (3) complete dryout, following which
the wall has to rely entirely on the mild cooling provided by droplets deposited from the vapor core.
They have well documented the flow boiling mechanisms according to the measured heat transfer
data and the corresponding flow patterns in their study.

However, quite anomaly flow boiling heat transfer and CHF trends in microchannel
evaporators are presented in some publications but they cannot be explained according to the
corresponding flow boiling mechanisms or no corresponding flow patterns were observed in some
studies {4-948}. As pointed out by Cheng and Xia [1], big discrepancies among the experimental
data from different independent laboratories may be caused due to different surface roughness of
the test channels, channel dimension uncertainties, improper data reduction methods, flow boiling
instabilities, improper designed test facility, test sections and experimental procedures. In some
cases, the published results are unreasonable such as too big or too small heat transfer coefficients,
some or complete wrong heat transfer behaviors and trends and correlations of various parameters
and physical properties even if they have been published. Furthermore, some flow boiling heat
transfer correlations and models were proposed by simply regressing limited experimental data at
limited test parameter ranges without considering the heat transfer mechanisms. Therefore, it is
necessary to evaluate these correlations to validate their applicability before using these
correlations. In fact, in most cases, such correlations do not work properly for other working fluids
and operation conditions, Cheng and Xia [1] analyzed and evaluated a large amount of

experimental data and a number of the correlations and obtained such conclusions.
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Due to the large discrepancies between experiment results from different researchers,
systematic knowledge of understanding the fundamentals of flow boiling including characterization,
mechanisms and model development in micro-channels is still urgently needed. Furthermore, a
number of heat transfer prediction methods such as correlations and models have been proposed for
flow boiling heat transfer in microscale channels. However, nearly all these methods were based on
limited test fluids, channel shapes and diameters under limited parametric conditions such as
limited range of saturation temperatures, mass fluxes, heat fluxes and working fluids etc. Therefore,
the extrapolation of the available prediction methods to other fluids and channels do not work
properly F4}. Further effort should be made to develop unified mechanistic prediction methods for

flow boiling based on the physical mechanisms and flow patterns.

Flow boiling instabilities in multi microchannel evaporators

Flow instabilities can result in thermal limits being exceeded, forced mechanical vibrations,
fatigue and failure of system components, poor system control, and difficult normal operations and
system safety. In particular, sustained flow oscillations may cause the local heat transfer
characteristics to deteriorate and induce CHF. Flow boiling instabilities are more sensitive in
micro/confined flow passages. Due to the confined space, an elemental disorder during flow boiling
triggers the unstable two phase flow and heat transfer conditions that ultimately lead to instabilities.
Over the past years, many studies have been conducted to understand the flow boiling instabilities
in microchannels as listed in table 1. Figure 9 shows the major causes for the flow boiling
instabilities in microchannel evaporators. Peculiar bubble dynamics and flow regimes may explain
the phenomena and mechanisms of instabilities in flow boiling [47]. First, vapor bubbles originate
during flow boiling, then the bubble clogging follows due to rapid bubble growth/elongation which

results in flow reversal as shown in Figs. 9. This peculiar bubble dynamics is caused by inherent
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confined geometry of the microchannels, operating and flow conditions, thermal physical
properties and vapor quality of working fluid along with microchannels. Large inlet subcooling
condition further accelerates the two-phase instabilities in microchannels. Parallel channel
interactions and inlet compressibility are well identified factors to elevate and accelerate the
adverse bubble dynamics. Severe instabilities start with bubble clogging followed by rapid bubble
growth and reverse flow of the vapor in the inlet section. In addition to these, parallel channel
interactions, upstream compressibility trigger the instabilities. All these three factors independently
or cumulatively cause the instabilities in the microchannels,

Furthermore, periodic flow oscillations are commonly encountered in two-phase micro-
channels because bubbles grow rapidly to occupy the entire cross-section. These instabilities are
manifest in periodic oscillations in mass velocity, which are responsible for pressure oscillations
between the inlet and outlet plenums. Lee et al. [57] investigated the interfacial behavior and heat
transfer mechanisms associated with flow boiling of R-134a in a micro-channel evaporator. The
test evaporator consists of 100 of 1 x 1 mm? square micro-channels. Large length of the micro-
channels used (609.6 mm) is especially important to capturing broad axial variations of both flow
and heat transfer behavior. The fluid was supplied to the test evaporator in subcooled state to
enable assessment of both the subcooled boiling and saturated boiling regions. They employed a
combination of temperature measurements along the microchannels and high-speed video to
explore crucial details of the flow, including dominant flow regimes, flow instabilities, and
downstream dryout effects. Figure 10 shows a series of schematics of transient flow patterns
observed in their experimental study based on extensive analysis of video records. From a temporal
standpoint, a single oscillation period consists of six sub-periods. Notice that the micro-channel is
divided spatially into four distinct sections; flow within each varies during the successive sub-

periods [57]. Unlike macro-channel flow boiling where flow regimes can be clearly demarcated,
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flow regimes in the micro-channels are associated with transient fluctuations that are induced by
flow instabilities. The dominant flow behavior and associated dryout effects are characterized with
the aid of a new transient flow regime map and a dryout map, respectively. Two sub-regions of the
subcooled boiling region, partially developed boiling and fully developed boiling, are examined
relative to dominant interfacial and heat transfer mechanisms in their study. The saturated boiling
region is shown to consist of three separate sub-regions: nucleate boiling dominated for the vapor
qualities below 0.3, combined nucleate and convective boiling for the vapor qualities between 0.3
and 0.5, and convective boiling dominated for the vapor qualities above 0.5. For the vapor qualities
larger than 0.5, dryout begins to take effect, causing a gradual decrease in the heat transfer
coefficient followed downstream by a more severe decrease. Their observed mechanisms are quite
different from those by Agostini et al. [52] described in the forgoing. The effect could be due to the
effects of instabilities, flow regime, unstable flow and heat transfer, different microchannels,
working fluids and test conditions.

One key point is to eliminate or damp the instabilities in microchannels. Various methods
have been conducted, such as restricted. Modified surface properties or control of operation
conditions [47]. In general, microchannels with inlet restrictors (IRs) can suppress the reversal two-
phase flows. Furthermore, with the enhanced two-phase flow stability, flow boiling heat transfer
and CHF can be noticeably improved. Hedau et al. [65] experimentally investigated the combined
effect of nanostructure and inlet restrictor on reducing the instabilities during flow boiling in
parallel microchannel heat sinks. Four types of microchannel heat sinks were used in their study:
plain microchannels, microchannels with inlet restrictor, nanostructured microchannels and
nanostructured microchannels with inlet restrictor. Different flow regimes such as bubbly flow,
slug flow, annular flow and partial dryout have been observed at various heat fluxes and mass flow

velocities. The fluctuations of pressure, temperature, and mass flow velocity are characterized in
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each flow regime. It is found that the fluctuations increase with increasing power input, which is
primarily due to backflow of vapor in the upstream direction of flow. The microchannel with inlet
restrictor is more effective in reducing fluctuations and result in less surface temperature compared
to the baseline case of plain microchannel without restrictor at the same test conditions. Moreover,
for the nanostructured surface microchannel with the inlet restrictor, the effectiveness in reducing
fluctuations increases at higher heat flux and also produces less surface temperature compared to
other types of microchannels. Figure 11 (a) and (b) displays the transient variation of fluctuations
of pressure drop at various temperatures and mass flow rates for the heat fluxes of 81 and
137 W/cm? respectively at the mass velocity of 250 kg/m?s. It is observed that the pressure drop
fluctuations in nanostructured microchannels without the inlet restrictor (Pchnano) are less than that
in the plain microchannels (Pch). However, when both the modifications, inlet restrictor and
nanostructured surface are incorporated in the Pch, it is found that the peak to peak pressure
differences is further reduced. In nanostructured microchannels, the capillarity due to
superhydrophilic nanostructures allows quick rewetting of microchannel wall in the annular flow
regime. This mechanism reduces the two phase frictional resistance in the microchannels. Thus, a
further reduction of pressure drop fluctuations is observed in IRch, nano. The similar characteristics of
pressure drop fluctuations are also observed in Fig. 11(c) and (d) for higher mass velocity of
500 kg/m?s. The IRcn, nano produces more fluctuations as compared to the IRch due to the presence of
more active nucleation sites. The rate of vapor generation is more in the nanostructured channels
due to which the tendency of vapor backflow is more in the IRch, nano. Figure 12(a) and (b) illustrates
the fluctuations of the transient surface temperatures at the heat fluxes of 81 and 137 W/cm? and
the mass velocity of 250 kg/m?s. The peak to peak temperature differences decrease when the Pen is
modified with the inlet restrictor or the nanostructured surface. However, when the Pcn is designed

using both the inlet restrictor and the nanostructured surface, the peak to peak temperature
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difference is further decreased. The surface temperature is minimum in the IRch, nano cOmpared to all
other considered microchannels. The combined effects of inlet restrictor and nanostructured surface
enhance the active nucleation-site density and also increase vapor entrapment volume. The inlet
restrictor increases fluid velocity, which increases the movement of vapor bubbles uniformly. Thus,
the more stable and minimum surface temperature is observed in the IRch, nano. Hence, it can be
concluded that the IRch, nano IS more effective in reducing the surface temperatures with acceptable
fluctuations of the surface temperature. Figure 12(c) and (d) show the transient fluctuations of the
mass velocities in the Pen, Pch.nano, 1Rch, nano fOr the input mass flux of 250 kg/m?s at the heat fluxes
of 81 and 137 W/cm?. The maximum fluctuations of 485, 338 and 218 kg/m?s are observed for
the Pch, Pchnano, IRch, nano, respectively at the heat flux of 81 W/cm?. As heat flux increases from
81 W/cm?, the IRchnano Shows more fluctuations as compared to the IRcn. At high heat fluxes, due to
the presence of more active nucleation sites as compared to the plain channel, the vapor generation
rate is more. This causes more fluctuations as compared to the IRch. The combination of inlet
restrictor and nanostructured surface produces minimal fluctuations except at few heat fluxes, at
which the active nucleation sites are more resulting in slightly increased fluctuations, but reduced
surface temperature of the microchannel.

According to the foregoing analysis, it is important to relate the flow regimes and bubble
dynamics to the heat transfer coefficient behaviors because they are intrinsically related to each
other. In particular, for microchannel evaporators, well designed test facilities and accurate
measurement systems are the key to obtaining accurate experimental flow boiling heat transfer and
CHF data. The different heat transfer trends from various research groups may be explained by
their respective heat transfer mechanisms and they may also due to many other affecting factors
such as the measurement accuracy, channel size and shape, fluid types and the physical properties,

the test parameter ranges, the data analysis and presentations etc. Different heating methods such as
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fluid heating and electrical heating, measurement methods and different data reduction methods
could result in quite big contradictory results. For instance, local and average heat transfer
coefficients may be quite different, depending on how the wall and local saturation temperatures
are determined. Furthermore, careful energy balance and validation of the measurement system
should be done before performing the flow boiling experiments. In recent years, high-resolution
temperature measurement techniques, such as MEMS sensors, high-speed infrared thermometry,
and temperature sensitive paints have been developed, and they enable the direct measurement of
the temperatures. The MEMS sensors are superior to other optical measurement techniques in
terms of its spatiotemporal resolution and thus provide an accurate measurement method for local
temperatures and heat fluxes. Therefore, advanced measurement techniques specially for
microscale flow boiling should be used in the experiments.

It should be pointed out that the existing experimental results from the literature can hardly
be compared against one or another since there is no accepted benchmark. Furthermore, the issue of
the dominant heat transfer mechanisms is not well explored and explained according to the
experimental data. In another word, researchers are in somewhat of a ‘dilemma’ to conclude which
are the dominant flow boiling heat transfer and CHF mechanisms in their studies as sometimes
their proposed heat transfer and CHF mechanisms actually do not describe their heat transfer
coefficient trends properly. Therefore, careful and deep analysis of the experimental data and two
phase flow phenomena in microchannel evaporators should be performed to provide valid heat

transfer and CHF mechanisms for microscale flow boiling.

Enhancement of Flow boiling with structured microchannel evaporators
Heat transfer enhancement techniques for nucleate boiling and flow boiling have been

extensively invested for many years [66-71]. These methods may be applied to enhance flow
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boiling heat transfer in microchannels as well [72, 73]. In recent years, a large number of studies
have shown that flow boiling performances can be significantly enhanced by decorating
microstructures, porous structure or surface modifications in microchannels, such as inlet/outlet
restrictors, auxiliary channels and microcavities [74, 75].

Table 2 lists selected studies on enhancement of flow boiling heat transfer and CHF in
microchannel evaporators. Many techniques have been explored to increase the nucleation site
density such as microcavities, bridged or interconnected channels and nanowire coatings and others.
Furthermore, enhanced methods have also been investigated to increase CHF to enlarge the
working margin of high-power density electronics. Explosive boiling, two-phase instabilities and
local dry-out are identified as three main factors that can trigger CHF. Various approaches have
been developed to enhance CHF such as surface modifications to enhance rewetting, IRs to
suppress flow instabilities, multiple micronozzles to enhance liquid supply. To prevent local dry-
out, reentrant cavity and bridged or interconnected channels have been developed as effective
methods to promote rewetting and hence, CHF. The micro-pin-fin array decorated on the bottom
surface of the microchannels is effective in promoting the thin film evaporation and rewetting
capability, leading to drastically enhanced heat transfer and CHF. Porous and grooved surfaces can
be effective ways to generate thin liquid films.

Flow disruption structures enhance heat transfer by disrupting the normal development of
thermal and flow boundary layers, reducing the thickness of thermal boundary layer, and
preventing bubbles from blocking in two-phase boiling flow. A large number of flow disruption
structures have been developed to enhance heat transfer in microchannel heat sinks. They can be
roughly divided into two means, i.e., micro pin fins and cross-linked microchannels. Micro pin fins

structures can interrupt and redevelop boundary layers, and increase flow mixing via vortices.
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Therefore, heat transfer enhancement up to several times and a reduction of wall temperature rise
can be obtained.

Pin fin structures can be also added to the microchannel side walls to promote boiling
nucleation and break flow and heat transfer boundary layers. Xu et al. [78] proposed gradient—
porous-wall microchannels with pin—fin arrays on the side walls as shown in Fig. 13(a). These
structures could prevent fluid from exchanging along the flow direction and change confined
bubble flow to un-confined bubble flow. Therefore, the porous-wall microchannel provided a new
way to eliminate the two-phase flow instability of microchannel heat sinks. Following the above
concept, Zong et al. [81] prepared gradient—porous-wall microchannel heat sink with the wall
regions replaced by the gradient micro pin fin arrangement. Three regions, i.e., the
densely/intermediate densely/sparely pin fin region with the fin gap of 5 um/7.5 pm/10 pm,
respectively, were formed to build the gradient—porous walls, as shown in Fig. 13(b). Flow boiling
results showed that gradient— porous-wall microchannels induced a premature ONB and a very fast
nucleate boiling flow in whole channel in less than 2 ms. The boiling flow instability was also
suppressed, and the duration of two-phase flow was prolonged. Besides, Jia et al. [79] prepared
rectangular porous-wall microchannels with uniform circular pin fins on the sidewall to provide
numerous nucleation sites and introduce significant wicking effect to maintain the liquid rewetting
as shown in Fig. 13(c). The porous-wall microchannels were found to reduce the wall superheat of
ONB, enhance boiling heat transfer, and promote the CHF.

Cavity structures on the sidewall of microchannels can enhance flow boiling heat transfer.
They can supply as ideal sites for bubble embryo growth. The increase in nucleation site density
and the heat transfer enhancement can be thus expected. Several enhanced microchannels with
various-shaped reentrant cavities on the sidewall have been developed as shown in Fig. 14. Kosar

et al. [90] fabricated rectangular silicon microchannels with an array of 7.5 um wide interconnected
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reentrant cavities on the sidewall as shown in Fig. 14(a). The flow boiling tests of water show that
the convective boiling plays a leading role in high boiling number and Reynolds number, whereas
nucleate boiling dominated in low boiling number and Reynolds number. Kuo et al. [91] developed
microchannels with nonconnected reentrant cavities on the side wall as shown in Fig. 14(b), and
investigated their flow boiling performance with the comparison of plain-wall microchannel
without reentrant cavities. It shows that the microchannels with nonconnected reentrant cavities
reduce the wall superheat of boiling incipience, alleviate the flow oscillation and improve the CHF
to as high as 643 W/cm? at the mass velocities of 303 kg/m?s with deionized water as coolants. The
microchannels with reentrant cavities promote bubbles nucleation and improve the reproducibility
and uniformity of bubble generation. Furthermore, both microchannel with reentrant cavities and
interconnected reentrant cavities can suppress the flow boiling instability of microchannels. Sitar
and Golobic [92] studied flow boiling in rectangular microchannels with triangular, conical, round
and a sharp edged reentrant cavities on the sidewall of the microchannels as shown in Fig. 14 (c). It
shows flow boiling enhancement. Li et al. [93] integrated multiple micro-nozzles and reentrant
microcavities on the sidewall of microchannels as shown in Fig. 14(d) to enhance flow boiling.
These structures enhanced global liquid supply by four evenly distributed micronozzles, and
mitigated local dry out by the capillary flow-induced sustainable thin liquid film resulting from an
array of reentrant microcavities. They can achieve a CHF of 1016 W/cm? with a 50% less mass
velocity of 680 kg/m?s, compared to the two-nozzle configuration.

High aspect ratio microchannels have the advantage of dissipating more heat per base area.
However, flow boiling instability of bubble expansion towards upstream and downstream is more
easily triggered once boiling starts due to the narrower channel width of high aspect ratio
microchannel. Cheng and Wu [82] conducted experimental investigation of flow boiling heat

transfer performance of deionized water in high-aspect-ratio (aspect ratio of 2.5) interconnected
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microchannels with micro connection slots as shown in Fig. 15. Their results show that obviously
earlier onset of nucleate boiling (ONB) in the interconnected microchannels is obtained as
compared to that in plain-wall microchannels and almost no bubbly flow is observed in the
interconnected microchannels. Significantly stable flow boiling from the incipience of boiling to
near the CHF is obtained in the interconnected microchannels. It is observed that regular liquid film
redevelopment and annular flow appear alternately among parallel microchannels. Figure 16 shows
the variation of base heat flux with the wall temperature. Pronounced improvement of the heat flux
dissipated at a fixed wall temperature can be achieved using the high-aspect-ratio microchannels.
The reason is the base heat transfer area (direct contacting the heat source) is nearly 2.6 times the
wall heat transfer area (contacting the fluid). This result demonstrates the superior advantage of the
high aspect ratio microchannel for chip cooling.

Li et al. [86] investigated a novel capillary structure made from micro-pinfin fence
fabricated in microchannels to rectify the usually chaotic and unstable two-phase flows during
boiling processes. A highly stable and efficient single annular two-phase flow regime is
demonstrated experimentally and visually on two distinguished fluids: DI-water with high surface
tension and completely wetting fluid of HFE-7100. More importantly, sustainable thin film
evaporation has been established and resulted in the formation of a highly desirable V-shaped heat
transfer coefficient curve, i.e., achieving high heat transfer coefficients at high working heat fluxes.
Figure 17 shows the development of conceptualization of their microchannels. In a
traditional microchannel with smooth sidewall, as shown in 17(a), a very thin liquid film can be
momentarily generated on the sidewalls and channel corners after vapor slugs expanding along the
channel. To better illustrate the difference of thin liquid film profile, a microchannel was designed
and fabricated with a smooth wall in one side (Fig. 17(a)), and a micro-pinfin fence in the other

side (Fig. 17(b)). Fig. 1(c) shows a snapshot of liquid thin film development on both walls clearly
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show the difference in terms of profile. On the smooth sidewall, the receding contact angle of
liquid front is about 5° (in Fig. 17c), much smaller than the advancing contact angle about 40 + 2°.
Under high heat fluxes, the thin liquid film would quickly evaporate, leading to a dry-out crisis, or
premature CHF conditions. However, capillary microarchitectures (Fig. 17(b)) were designed and
fabricated along each vertical wall inside microchannels can maintain thin liquid film. Once the
liquid-vapor interface is established adjacent to micro-pinfin fence during the boiling process
(Fig. 17(c)), a uniform thin liquid film, which serves as reconstructed two-phase boundary layer,
was formed between the wall and micro-pinfin fence because of the induced capillary action.
Figure 17(d) illustrates the profile of liquid film and occurrence of evaporation. The enhanced
capillary action plays a key role in maintaining liquid film. Figure 18(a) shows typical V-shaped
heat transfer coefficient curves, indicating a highly efficient boiling heat transfer process after
establishing stable thin liquid film. In general, the heat transfer coefficients initially decrease with
increasing the effective heat fluxes, and then they gradually increase after surpassing the turning
point of the V-shaped curve. The V-shaped heat transfer coefficients curves are primarily related to
the development of flow regimes. Figure 18(b) shows the effective heat transfer coefficient versus
the exit vapor quality. At higher mass flow rates, the whole walls can be wetted and engaged in
evaporation and boiling. However, at lower mass flow rates, sidewalls may not be fully wetted due
to lack of sufficient working fluids.

According to the available studies, enhanced microchannels can be implemented via two
directions. One is the alteration of microchannels walls or bottom surfaces, such as the preparation
of reentrant micro-cavities, the addition of porous layer and nanostructures on the microchannel
walls or bottom surface. These means are commonly able to enlarge heat transfer areas, increase
bubble nucleation sites, change the surface wettability, and mitigate the severe two-phase

instability or delay the early occurrence of CHF. The other one is to modify the flow passages, such
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as flow disruption structures (e.g., micro pin fins or cross-linked microchannels), reentrant flow
passages of microchannels, or porous based microchannels. These approaches generally contribute
to enhance flow distribution and redevelopment thermal boundary layers, provide more passages
for vapor flow, and modify the flow pattern. The promotion of bubble nucleation can be also
obtained for porous microchannels. The above two directions of enhanced microchannels are able
to promote the flow boiling enhancement in heat transfer coefficient, CHF or two-phase flow
instability. However, there are no systematic design methods for the enhanced structures and
techniques and no optimal design for the various structures. Systematic knowledge has not yet been
established so far. Although various flow boiling mechanisms have been proposed to explain the
flow boiling phenomena, they are mostly based on the existing mechanisms for nucleate pool
boiling and flow boiling for conventional channels. Flow regimes are critical to understanding the
microscale flow boiling mechanisms but microscopic observation of evolution of flow regimes is
very limited in the current study. Furthermore, some studies have reported too much high heat
transfer and CHF behaviors, which seem not to be true as there is limitation of the latent heat of the
working fluids. This means that well designed experimental systems, advanced measurement
technologies specially for micro-scale flow boiling, proper data reduction methods for various
micro channels with enhanced structures and careful and deep analysis of the measured results and

mechanisms are lacking.

Discussions

According to the foregoing review, there are big challenges in the research of fundamentals of
flow boiling in micro-evaporators although a large number of relevant studies have been conducted
over the past decades Several key aspects should be considered when conducting research in flow

boiling in micro evaporators in future. First, selection of a proper working fluid should be carefully
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considered. Water is utilized in a majority of research works due to its good thermophysical
properties, cheapness and no environmental concerns. Its excellent boiling heat
transfer performance is promising for high heat flux dissipations. Nevertheless, the feed water will
keep rather much admixtures in spite of its careful and multilevel treatment. Refrigerants and
dielectrics may be favorable in the electronic industry due to their low boiling points, whereas their
heat transfer performances are not comparable to those of water. Therefore, it is necessary to select
suitable working fluid for different applications. Second, various structured surfaces are used for
enhancement of flow boiling heat transfer, CHF and stability of two phase flow. However, the
fouling phenomena with contaminants for the porous coatings and nanostructures cannot be
ignored for the selection of working fluid. Furthermore, under flow and fierce boiling conditions,
the morphologies of nanostructures may change, which is prone to severe degradation, including
deformation of nanotube, blockage of nanoscale pores or gradual detachment of nanostructure from
heating surfaces. As a result, the performances of heat transfer coefficient and CHF may decrease
in long-time operations. The durability of these enhanced surfaces has not been tested in the
literature and should be considered in future research.

Flow boiling heat transfer in macro-channels is governed by two basic mechanisms of
nucleate boiling dominant mechanism relating to the formation of vapor bubbles at the tube wall
surface and convection dominant mechanism relating to conduction and convection through a thin
liquid film with evaporation on the tube wall and at the liquid—vapor interface [94-97]. Flow
boiling heat transfer and dryout mechanisms are intrinsically related to the bubble dynamics and
flow pattern behavior. One may assume that these mechanisms function independently of one
another for simplicity. However, the two main mechanisms may actually coexist at high vapor

qualities, where the convective evaporation gradually suppresses the nucleate boiling. Therefore,
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the nucleate boiling and convective evaporation contributions to the heat transfer process can be
superimposed by very complex mechanisms which are not yet fully understood so far.

In particular, for micro-channels, the flow boiling mechanisms are strongly affected by the
bubble behaviors in confined space and the unstable bubble dynamics . From the available
studies, flow boiling heat transfer mechanisms are classified into four different categories: (i)
Nucleate boiling dominant because the heat transfer data are heat flux dependent; (ii) Convective
boiling dominant when the heat transfer coefficient depends on mass flux and vapor quality but not
heat flux; (iii) Both nucleate and convective boiling dominant, and (iv) Thin film evaporation of the
liquid film around elongated bubble flows as the dominant heat transfer mechanism, which is heat
flux dependent via bubble frequency and conduction across the film . However, the observed
flow patterns and phenomena have not yet been incorporated in the flow pattern and heat transfer
prediction methods. The reduced pressure has a great effect on the flow boiling heat transfer and
dryout behaviors and mechanisms. The combination effects of tube diameter, the reduced pressure,
the heat flux and mass flux are very complicated but should be incorporated with the flow patterns
and heat transfer model for better prediction for the heat transfer.

There is still a debate about the possible governing heat transfer mechanism for microchannel
flow boiling. Generally, in the nucleate boiling dominant region, the heat transfer coefficient is
mainly a function of heat flux and system pressure but is less independent of vapor quality and
mass flux. In convective boiling dominant region, the heat transfer coefficient largely depends on
vapor quality and mass flux but is not a function of heat flux. On this basis, many researchers have
addressed their experimental flow boiling results in microchannel as governed by the nucleate
boiling or the convective boiling mechanism, depending on the heat transfer coefficient trend as a
function of thermal-hydraulic parameters only. In fact, the current research results are quite diverse.

Some anomaly heat transfer trends cannot be explained according to the relevant heat transfer
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mechanisms. For flow boiling in micros-channels, the heat transfer mechanisms should be relevant
to the relevant flow regimes and bubble dynamics in micro-channels, considering the channel size
effect on the bubble growth and flow patterns. Unfortunately, in most available publications, the
flow patterns and flow boiling heat transfer behaviors have been separately investigated. In fact, the
flow regimes and heat transfer behaviors are intrinsically related to each other. Both the flow
regimes, bubble behaviors and heat transfer should be observed and measured simultaneously in
experiments for a better understanding the flow boiling phenomena and mechanisms in micro-
evaporators.

Furthermore, mechanistic prediction methods based on flow regimes and bubble behaviors
are needed. There are several such studies available in the literature. Thome et al. [98] and Dupont
et al. [99] proposed flow boiling heat transfer model based on elongated bubble flow in microscale
channels, with the hypothesis that thin film evaporation is the dominant heat transfer mechanism as
opposed to prior interpretations that conventional macroscale nucleate boiling dominance. Their
assumption is that microscale flow is reached when the bubble growth diameter reaches the tube
internal diameter followed by subsequent detachment from the wall surface. In their heat transfer
model, the critical bubble radius is evaluated using the effective nucleation wall superheat.
Furthermore, Consolini and Thome [100] and Thome and Cioncolini [101] have recently developed
new mechanistic heat transfer model for annular flow covering both macro- and micro-channels
and a flow pattern based flow boiling model for microchannel combining with the three zone model
and the annular flow model. This model covers more flow regimes of elongated bubbles and
annular flows which are dominant flow regimes in microchannel. Both models have been evaluated
with the database by Cheng and Xia [1]. It shows very promising results with the flow pattern
based heat transfer model. However, systematic knowledge and generalized prediction methods

have not yet completely achieved by relating heat transfer model, mechanism and flow patterns due
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to the effects of fluid types, channel sizes, test conditions and unstable flow boiling in micro-
channels. In particular, generalized flow regime transition criteria are needed for
developing/improving the heat transfer prediction using mechanistic methods. Effort should be
made to advance systematic knowledge flow boiling heat transfer, CHF, flow regimes and the heat
transfer mechanisms governing the flow boiling processes through properly designed experiments
for flow boiling in both microchannels with plain surfaces and microchannels with enhanced

structures in future.

Conclusions

The fundamentals and challenges of flow boiling phenomena and mechanisms in micro-
channel evaporators with plain surface and enhanced technologies have been reviewed and
analyzed in this paper. The main conclusions are obtained as follows:

(1) Quite different flow boiling results and mechanisms of flow boiling have been obtained by
various researchers. Some studies have reported too much high heat transfer and CHF
behaviors, which seem not to be true as there is limitation of the latent heat of the working
fluids. Therefore, accurate experimental studies of flow boiling heat transfer, CHF and
mechanisms in microchannel evaporators with plain surface are still needed. It is essential
to use advanced measurement technologies specially for microscale flow boiling
experiments to obtain accurate experimental data.

(2) Flow regimes are critical to understanding the flow boiling phenomena and mechanisms in
micro-channels evaporators but microscopic evolutions of bubble dynamics and flow
regimes are very limited and should be focused on. In particular, they are lacking for micro-
channel evaporators with enhanced technologies. Deep analysis of the results and physical

mechanisms are needed by relating the heat transfer and CHF to the flow regimes.
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(3) Optimal design of microchannel evaporators with plain surface and enhanced structures is
lacking. Effort should be made to achieve systematic theoretical knowledge and optimal
design methods.

(4) Flow instabilities and transient flow boiling phenomena are particularly important in
understanding all aspects of flow boiling in micro-evaporators and should be focused on.

(5) Systematic experimental, analytical and modelling studies on enhancement of flow boiling
phenomena in micro-channel evaporators should be conducted to understand the physical
mechanisms and develop the theoretical models. The physical mechanisms of flow boiling
should be investigated based on the corresponding flow patterns and unstable and transient
flow boiling and two phase flow phenomena.

(6) The flow boiling mechanisms should be incorporated in the improvement of the models for
better prediction of heat transfer coefficients and CHF at a wide range of conditions.
Furthermore, effort should be made to develop mechanistic prediction methods for heat
transfer and CHF by considering the flow patterns and unstable and transient two phase
flow and flow boiling. Furthermore, there is no specially developed prediction methods for
flow boiling in micro-evaporators with enhanced technologies, which should be explored in

future.

Nomenclature
Co  confinement number
Dn  hydraulic diameter, m
e thickness of the microchannel base, m
G  mass velocity, kg/m?s

g gravitational acceleration, 9.81 m/s?
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htp

Pch

T
Tin
Tsat

Tw

Xe

height or depth of microchannel, m

heat transfer coefficient, W/m?K

two phase heat transfer coefficient, W/m?K
length of micro-channels, m

plain microchannels

pressure, Pa

heat flux, W/m?

base heat flux, W/m?

base heat flux, W/m?

heat flux, W/m?

temperature, K

base temperature, K

inlet temperature, K

saturation temperature, K

wall temperature, K

thickness of fin in microchannel, m; time, s
width of microchannel, m

vapor quality, x coordinate

exit vapor quality

y coodinate

Greek symbols

o

heat transfer coefficient, W/m?K
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ATsub subcooling, K
py  gas phase density, kg/m?
o liuid phase density, kg/m®

o Surface tension, N/m

Subscripts
avionicsavionics
b base

ch microchannel

e exit

g gas phase

h  hydraulic

in inlet

I liquid phase

nano nano structured
sat saturation
sub subcooled
tp two phase
w  wall
3 position 3
Abbreviations
CHF  critical heat flux, W/m?

DI Deionized
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GW groove wall

H/X heat exchanger

IR inlet restrictor

MEMS micro-electro-mechanical-system
ONB  onset of nucleate boiling

PW plain wall

RTD resistance temperature detector

SEM scanning electron microscope
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Table 1. Selected studies on flow boiling heat transfer, CHF, mechanisms and two phase
instabilities in conventional microscale channels with plain surface in the literature.

Authors

Lee and
Mudawar
[50]

Agostini et
al. [51-53]

Park and
Thome
[54]

Mauro et
al. [55]

Lee and
Mudawar
[56]

Fluid

R-134a

R236fa,
R245fa

R134a,
R236fa,
R245fa

R134a,
R236fa,
R245fa

R134a

Parameter ranges G
(kg/m?s),

q (Kw/m?), T (°C)/P
(bar)

G =152.90-

530.72 kg/m?s

gp = 8072.93—
48,437.60 W/m?
Tsat=-3.59-19.41°C
G= 281 to 1501 kg/m?s
b = 3.6 to 221 W/cm?,
Teat = 25°C

G=100to

4000 kg/m? s

Ob = 37 to 342 W/cm?,
Tsat = 10 to 50°C

G=250t0

1500 kg/m?s,

b = 37 to 342 W/cm?,
Tsat = 20 to 50,
Subcooled -25 to -5

G =152.90 -

530.72 kg/m?s,

O = 8072.93 —
48,437.60 W/m?,
Tsat=-3.59-19.41°C

Channel size Dn (mm),
Geometry and

orientation

Dn=1mm, 75 and 100
parallel rectangular

channels, horizontal

67 parallel channels,

which are 223 um wide,

680 pm high and

20 mm long with 80 um

thick fin, horizontal
20 parallel rectangular
channels, 467 pm wide
and 4052 um deep
while the sec-
and has 29 channels,
199 pum wide and 756
um deep, horizontal
29 parallel channels that
were 199 pm wide and

756 um deep, horizontal

Dnh=1mm, 75 and 100
parallel rectangular

channels, horizontal

Research contents

Flow boiling heat transfer,
flow regimes and heat

transfer mechanisms

Flow boiling heat transfer,
CHF and two phase

pressure drop

Saturated CHF

Saturated CHF and effect
of inlet subcooling of
CHF

Flow boiling instability
and flow regime

transitions

o1



Lee et al.
[57]

Huang and
Thome
[58]

Huang et
al. [59]

Fayyadh et
al. [60]

Lv et al.
[61]

Xia et al.
[62]

Lv et al.
[63]

R134a

R245fa,
R236fa,
R1233z
d(E)

Deioniz
ed
water

R134a

HFE-
7100

Acetone

FC-72

G =75.92-208.79
kg/m? s, pin = 688.3—
731.3 kPa, gp = 3990—
28,209 W/m?

G=12501t0 2750
kg/(m?-s),

q =20 to 64 W /cm?,
Tsat = 1.5, 35 and 40°C

G =23.04-111.89
kg/(m?s), q = 4.2-67.7
kW/m?, Tin= 40-60 °C

G =50-300 kg/m?,
q=11.46-403.1
kKW/m?,

p = 6.5 bar

G=380to

3500 kg/m?s, g =0 to
100 kW/m?,
Tsat=61°C

G =437.2t0

868.1 kg/m?s, q = 0 to
100 kW/m?,

Tsat = 56.29°C

G=578.2t0
2310.9kg/m?s,q=0to
1200 kW/m?, Tsat=
56.5°C

Dn =1 mm, 100 parallel
rectangular channels,

horizontal

67 channels. Each
etched channel was 100
um in height, 100 um in
width, horizontal

Dh =517 pum, 6 parallel
rectangular channels,

horizontal

Dn =420 um, 25
rectangular
microchannels,

horizontal

Dn = 84.1um and 106
um, 8 rectangular
microchannels,
horizontal

Dh = 104.3 um, 16
rectangular
microchannels,
horizontal

Dn=88 um, 8
rectangular
microchannels,

horizontal

Subcooled and saturated
flow boiling heat transfer,
instabilities and flow

regimes.

Flow boiling heat transfer

Flow boiling dynamic

instability

Flow boiling heat

transfer, flow patterns.

Unstable flow boiling and

two phase flow.

Unstable flow boiling and

two phase flow.

Pressure drop oscillation
characteristics of the flow
boiling instability.
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Table 2. Selected studies on enhancement of flow boiling heat transfer and CHF in microchannel
evaporators in the literature.

Authors

Li et al.
[76, 77]

Xu et al.
[78]

Jia et al.
[79]

Xiaetal.
[80]

Zong et al.
[81]

Cheng and
Wu [82]

Fluid

Acetone

Acetone

Acetone

Acetone

Acetone

Deionized
water

Parameter ranges G

(kg/m?s), g (KW/m?), T

(°C)/P (bar)

G = 83 and 442 kg/m?
q=0-101 W/cm?
Tsat = 56.29 °C

G = 154-276 kg/m? s,
q=27.22-227.05
KW/m?

Tsat = 56.29 °C

G = 255 - 843 kg/m?s, q

=4-110 W/cm?
Tsat = 5629 OC

G =4.431015.62
kg/(m?s), g =0 to 90
kKW/m?

Tsat = 56.29 °C

G = 250-510 kg/m?s,
q =120-720 kW/m?
Tsat = 56.29 °C

G =446, 630 and 815

kg/m?s, qw = 3.8-139.5
W/cm?

Tsat =100 °C

Channel size Dy (mm),

Substrate, Geometry,)

200 pm in width and 200
um in depth 14
microchannels with
triangular cavities and
rectangular fins

depth was

75 um. A bare channel and

a porous wall had a width of

164 pum and 336 um

16 microchannels

height of 80 um with a
width of 150 um

19 straight and semi-open
microchannels

height of 0.80 mm with a
width of 1 mm

16 porous-wall
microchannels

height of 80 um with a
width of 150 um

14 parallel microchannels
width and depth 80 um x
200 pm

Research contents

Flow boiling heat
transfer and CHF

enhancement

Flow boiling

instability.

Flow boiling heat
transfer and CHF

enhancement

Flow boiling heat

transfer enhancement

Flow boiling

instability.

Flow boiling heat
transfer and CHF
enhancement, two

phase pressure drop.
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Ren et al.
[83]

Zhao et al.
[84]

Li et al.

[85]

Li et al.
[86]

Deng et al.
[87]

Deng et al.
[88]

Prajapati
et al. [89]

Water

Water

DIl-water
and HFE-
7100

DI water
and HFE-
7100

DI water
and
ethanol

DI-water

DI-water

G =100 to 600 kg/m?s
q = 0-400 W/cm?
Tsat = 100 °C

G =172 to 382 kg/m?s
q = 261.8-597.9 kW/m?

Tsat = 100 °C

G =80 to 600 kg/m?s

q is up to 944 W/cm?
Tsat = 100 °C (water)
Teat = 61 °C (HFE-
7100)

G =80 to 389 kg/m?s
q is up to 944 W/cm?
Tsat = 100 °C (water)
Tsat = 61 °C (HFE-
7100)

G =125-300 kg/m?s
Tsat = 100 °C (water)
Tsat = 78°C

Inlet subcoolings of

40°C and 10 °C

G =125-300 kg/m?s
Tsat = 100 °C
Inlet subcoolings of

40°Cand 10 °C

G =100 to 350 kg/m?s

q =10 to 350 kW/m?
Tsat = 100 °C

5 rectauguler parallel
microchannels (W=200 um,
H=250 pm, L=10 mm) with
microgrooves

16 parallel 0.3 mm x 0.3 mm
open microchannels with
superhydrophilic hydrophilic
and superhydrophobic

5 microchannels W = 200
mm, H = 250 mm by
incorporating capillary
micro-pinfin

fences and multiple micro-
nozzles

5 microchannels W = 200
mm, H = 250 mm by
incorporating supercapillary

micro-pinfin fences

Pin fin-interconnected

reentrant microchannels

Three reentrant copper
microchannels with different
hydraulic diameters, i.e., 590,
781 and 858 um

12 microchannels with 522
um x400 um and depth of
750 um (uniform and

diverging segmented fins

Flow boiling heat
transfer and CHF

enhancement

Flow boiling heat
transfer, flow
regimes and two
phase pressure drop
Flow boiling heat
transfer and CHF

enhancement

Flow boiling heat
transfer and CHF

enhancement

Flow boiling heat
transfer, pressure
drop and two-phase

flow instabilities

Flow boiling heat
transfer, pressure
drop and two-phase
flow instabilities
Flow boiling bubble
dynamics and

instability
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List of Figure Captions

Figure 1. Silicon test die photographs: Top: multi-microchannel. Bottom: (a) cobra heater, (b)
connectors for one RTD (Resistance Temperature Detector), (c) the five RTDs by Agostini e al.

[51].

Figure 2. Scanning electron microscope photograph of the multi-micro-channels at three different

scales. The middle and bottom figures are close-ups of the fin wall by Agostini e al. [51].

Figure 3. (a) Schematic diagram of a silicon multi-microchannel evaporator used for chips cooling;
(b) Comparisons of simulation results of base temperature of CO, and R236fa at the indicated

conditions for chips cooling by Cheng and Thome [35].

Figure 4. Measured local flow boiling heat transfer coefficient versus local vapour quality for
various mass velocities, for the base heat fluxes of 37.7 (a) and 103.3 W/cm? (b) by Agostini et al.

[52].
Figure 5. Heat transfer trends identified in the study for R245fa and R236fa: the arrows show the
effect of the parameters heat flux g, vapor quality x and mass flux G on heat transfer coefficient a,

either increasing (), decreasing () or no effect (—) on a by Agostini et al. [52].

Figure 6. Experimental base CHF results for R134a at Tsa = 25°C in the microchannel evaporator

with deep H = 4052 um channels by Park and Thome [54].
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Figure 7. Experimental base CHF results for R134a at Tsat = 25°C in the microchannel evaporator

with deep H = 765 um channels by Park and Thome [54].

Figure 8. (a) Variation of heat transfer coefficient with axial distance in avionics H/X at Gavionics =
340.23 kg/m? s and Qavionics = 44,401.1 W/m?2, (b) Schematics of flow boiling for the quality ranges

in (a) illustrating dominant flow patterns and heat transfer mechanisms by Lee and Mudawar [50].

Figure 9. Major causes of flow boiling instabilities in microchannels by Prajapati and Bhandari [47].

Figure 10. Schematic renderings of transient flow patterns observed at six different times within a
single periodic cycle: ti: beginning of the cycle, to: forward liquid advance, tz: rapid bubble growth,
ts: commencement of transition pattern, ts: commencement of wavy annular pattern, and te: end of
liquid deficient period. The indicated sections are as follows: 1: subcooled boiling dominant, 2:
combined saturated nucleate and convective boiling, 3: saturated convective boiling by annular film

evaporation, and 4: intermittent dryout dominant region by Lee et al. [57].

Figure 11. Temporal variation of pressure drop at (a) heat flux of 81 W/cm? and mass velocity of
250 kg/m?s and (b) heat flux of 137 W/cm? and mass velocity of 250 kg/m?s, (c) heat flux of
81 W/cm? and mass velocity of 500 kg/m?s and (d) heat flux of 137 W/cm? and mass velocity of

500 kg/m?s by Hedau et al. [65].
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Figure 12. Fluctuations of the surface temperature at (a) heat flux of 81 W/cm? and (b) heat flux
137 W/cm? and fluctuations of mass velocity at (c) heat flux of 81 W/cm? and (d) heat flux of

137 W/cm? for mass velocity of 250 kg/m?s by Hedau et al. [65].

Figure 13. SEM images of (a) gradient—porous-wall microchannel [52], (b) microchannels with
gradient micro pin fins [53]. (c) rectangular porous-wall microchannel with uniform circular pin

fins [54] by Deng et al. [73].

Figure 14. Microsopic images of microchannels with (a) interconnected reentrant cavities [83], (b)
nonconnected reentrant cavity [85], (c) different shaped reentrant cavities [89], (d) reentrant

microcavities on the sidewall [90] by Deng et al. [73].

Figure 15. (a) Design of the microchannel heat sink; (b) Detailed parameters of the two

microchannels by Cheng and Wu [82].

Figure 16. Typical V-shaped heat transfer coefficient curves for the microchannels with plain wall
(PW) and groove wall (GW). The effective heat transfer coefficients are depicted versus (a) the

effective heat flux and (b) the exit vapor quality (working fluid of DI-water) by Cheng and Wu [82].

Figure 17. Development of conceptualization. (a) The SEM image of plain wall, (b) a SEM image
of micro-pinfin fences, (c) the top-view of the receding liquid profile on the smooth wall and the
one on the wall with micro-pinfin fences (re-colored image, blue represents liquid of water) and, (d)

schematic of the thin film evaporation within micro-pinfin fence by Li et al. [86].
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Figure 18. Boiling curves plotted with base heat flux (a) ATsub=70 °C and (b) ATsu=40 °C by Li et

al. [86].
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Figure 1. Silicon test die photographs: Top: multi-microchannel. Bottom: (a) cobra heater, (b)
connectors for one RTD (Resistance Temperature Detector), (c) the five RTDs by Agostini e al.

[51].
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Figure 2. Scanning electron microscope photograph of the multi-micro-channels at three different

scales. The middle and bottom figures are close-ups of the fin wall by Agostini e al. [51].
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Figure 3. (a) Schematic diagram of a silicon multi-microchannel evaporator used for chips cooling;
(b) Comparisons of simulation results of base temperature of CO, and R236fa at the indicated

conditions for chips cooling by Cheng and Thome [35].
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Figure 4. Measured local flow boiling heat transfer coefficient versus local vapour quality for
various mass velocities, for the base heat fluxes of 37.7 (a) and 103.3 W/cm? (b) by Agostini et al.

[52].
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Figure 5. Heat transfer trends identified in the study for R245fa and R236fa: the arrows show the
effect of the parameters heat flux g, vapor quality x and mass flux G on heat transfer coefficient «,

either increasing (), decreasing () or no effect (—) on a by Agostini et al. [52].
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Figure 6. Experimental base CHF results for R134a at Tsat = 25°C in the microchannel evaporator

with deep H = 4052 um channels by Park and Thome [54].
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Figure 7. Experimental base CHF results for R134a at Tsat = 25°C in the microchannel evaporator

with deep H = 756 um channels by Park and Thome [54].
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Figure 9. Major causes of flow boiling instabilities in microchannels by Prajapati and Bhandari

[47].
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Figure 11. Temporal variation of pressure drop at (a) heat flux of 81 W/cm? and mass velocity of

250 kg/m?s and (b) heat flux of 137 W/cm? and mass velocity of 250 kg/m?s, (c) heat flux of

81 W/cm? and mass velocity of 500 kg/m?s and (d) heat flux of 137 W/cm? and mass velocity of

500 kg/m?s by Hedau et al. [65].
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Figure 12. Fluctuations of the surface temperature at (a) heat flux of 81 W/cm? and (b) heat flux

137 W/cm? and fluctuations of mass velocity at (c) heat flux of 81 W/cm? and (d) heat flux of

137 W/cm? for mass velocity of 250 kg/m?s by Hedau et al. [65].
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Figure 13. SEM images of (a) gradient—porous-wall microchannel [78]; (b) microchannels with
gradient micro pin fins [81]; (c) rectangular porous-wall microchannel with uniform circular pin

fins [79] by Deng et al. [75].
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Figure 14. Microsopic images of microchannels with (a) interconnected reentrant cavities [90], (b)
nonconnected reentrant cavity [91], (c) different shaped reentrant cavities [92], (d) reentrant

microcavities on the sidewall [93] by Deng et al. [75].
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Figure 15. (a) Design of the microchannel heat sink; (b) Detailed parameters of the two

microchannels by Cheng and Wu [82].
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Figure 16. Typical VV-shaped heat transfer coefficient curves for the microchannels with plain wall
(PW) and groove wall (GW). The effective heat transfer coefficients are depicted versus (a) the

effective heat flux and (b) the exit vapor quality (working fluid of DI-water) by Cheng and Wu [82].
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Figure 17. Development of conceptualization. (a) The SEM image of plain wall, (b) a SEM image
of micro-pinfin fences, (c) the top-view of the receding liquid profile on the smooth wall and the
one on the wall with micro-pinfin fences (re-colored image, blue represents liquid of water) and, (d)

schematic of the thin film evaporation within micro-pinfin fence by Li et al. [86].
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al. [86].
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