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Abstract

This paper presents state-of-the-art review on the fundamental and frontier research of flow
boiling heat transfer, mechanisms and prediction methods including models and correlations for
heat transfer in microscale channels. First, fundamental issues of current research on flow boiling
in microscale channels are addressed. These mainly include the criteria for macroscale and
microscale channels. Then, studies on flow boiling heat transfer behaviours and mechanisms in
microscale channels are presented. Next, the available correlations and models of flow boiling
heat transfer in microscale channels are reviewed and analysed. Comparisons of 12 correlations

with a database covering a wide range of test parameters and 8 fluids are presented. It shows that
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all correlations poorly agree to the database. No generalized model or correlation is able to
predict all flow boiling heat transfer data. Furthermore, comparisons of the mechanistic flow
boiling heat transfer models based on flow patterns including the Thome at al. three-zone heat
transfer model for evaporation in microchannel and the flow pattern based model combining the
Thome et al. three zone heat transfer models with the Cioncolini-Thome annular flow model for
both macro- and microchannel to the database are presented. It shows that the flow pattern based
model combining the three zone model with the annular flow model gives better prediction than
the three zone heat transfer model alone. The flow pattern based heat transfer model favourably
agrees with the experimental database collected from the literature. According to the comparison
and analysis, suggestions have been given for improving the prediction methods in the future.
Next, flow patterned based phenomenological models and their applications to microscale
channels are presented. Finally, as an important topic, unstable and transient flow boiling
phenomena in microscale channels are briefed and recommendations for future research are
given. According to this comprehensive review and analysis of the current research on the
fundamental issues of flow boiling, mechanisms and prediction methods in microscale channels,
the future research needs have been identified and recommended. In general, systematic and
accurate experimental data of flow boiling heat transfer in microscale channels are still needed
although a large amount of work has been done over the past decades. The channel size effect on
the flow boiling behaviours should be systematically investigated. Heat transfer mechanisms in
microscale channels should be further understood and related to the corresponding flow patterns.
Furthermore, effort should be made to develop and improve generalised mechanistic prediction
methods and theoretical models for flow boiling heat transfer in microscale channels according

to the physical phenomena/mechanisms and the corresponding flow structures. The effects of the



channel size and a wide range of test conditions and fluid types should be considered in develop
new methods. Furthermore, systematic experimental, analytical and modelling studies on
unstable and transient flow boiling heat transfer in microscale channels should be conducted to

understand the physical mechanisms and theoretical models.
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1. Introduction

Flow boiling phenomena in microscale channels are essential processes involved in a wide
range of industrial applications such as micro-heat exchangers, micro reactors, microfluidic
device, high heat fluxes cooling and the like in mechanical, chemical, aerospace, automotive,
energy and renewable energy, electronic and microelectronic, biological and medical engineering
etc.[1-6]. It is nowadays one of the most important research subjects in the field of heat transfer
with various industrial and practical applications for the past decades [7-11]. For instance, as a
highly efficient cooling technology, it has a lot of advantages of high heat transfer performance,
chip temperature uniformity, hot spots cooling capability for cooling electronic chips and
elements [4, 12-16]. The micro-electronics technology continues to develop very fast with very
high heat flux to be dissipated up to 300 W/cm? or even more for cooling the electronic devices
[2-5, 13-16]. One possible solution is to use flow boiling heat transfer in microscale channels
such as multi-microscale channels made in silicon or copper cooling elements attached to CPUs
or the electric elements, or directly in the silicon chip itself by utilizing the latent heat of flow
boiling in a microscale channel evaporator for high heat flux cooling as shown in Fig. 1. Figure
1(a) shows a cross-section of a board of chips (about 30 chips per board) with the microchannel
evaporator. Schmidt and Notohardjono [15] have demonstrated the successful use of a
refrigeration unit with a microscale channel evaporator to cool IBM S/390 G4 server as shown in
Fig. 2. Flow boiling in multi-channel evaporators is one of the most promising heat transfer
mechanisms for electronics cooling by utilizing the latent heat of evaporation of a fluid to extract
the heat in an energy efficient manner. As a result of the enhanced thermal performance

compared to other processes, better axial temperature uniformity, reduced coolant flow rates, and



thus smaller pumping powers are obtained in flow boiling and two phase flow cooling
technology. Cheng and Thome [16] have presented simulation results of flow boiling and two
phase frictional pressure drop of CO, evaporating in a multi-microchannel evaporator shown in
Fig. 1 (b) for chips cooling with the CO, flow boiling and two phase flow phenomenological
models of Cheng et al based on flow patterns [25, 26]. They have found that superior heat
transfer performance may be achieved with flow boiling in microscale channels. Figure 3 shows
the comparison of the simulated based temperatures in the multi-microchannel using CO, and
R236fa flow boiling in the microchannel in Fig. 1(b). In general, flow boiling heat transfer
characteristics and mechanisms in microscale channels are quite different from those in
conventional channels [3-8]. The channel size and confinement have a significant on the flow
boiling characteristics, the corresponding heat transfer mechanisms and the models for predicting
heat transfer coefficients. Compared to those in macroscale channels, flow boiling phenomena in
microscale channels have not yet been well understood although a number of experiments have
been conducted so far. The available studies of flow boiling heat transfer phenomena in
microscale channels have exhibited contradictory results although a large amount of
experimental work, theory and prediction methods for flow boiling in microscale channels have
extensively been conducted over the past decades. 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
microscale channels is urgently needed to be achieved. 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. It must be stressed here that 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 behaviours and trends and correlations of
various parameters and physical properties even if they have been published in journals. For
instance, quite anomaly heat transfer trends are presented but they cannot be explained according
to the corresponding flow boiling mechanisms in some papers although it is said that such
mechanisms account for the heat transfer behaviours as detailed in a recent analysis in a
comprehensive review by Ribatski et al. [7]. 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 fluids and
conditions. Therefore, it is essential to analyse and evaluate these correlations to identify further
research needs in this important field.

The objectives of this paper are to discuss the fundamental issues by analysing the
available experimental data of flow boiling heat transfer in the literature, the flow boiling heat
transfer mechanisms accounting for the effects of channels size, bubble dynamics and flow

regimes, the correlations and models for predicting flow boiling heat transfer coefficients in



microscale channels and some ideas for developing new mechanistic and phenomenological
methods through relating the heat transfer behaviours to the bubble behaviours and flow regimes.
In particular, a number of selected correlations and two mechanistic heat transfer models based
on flow patterns for flow boiling in microchannel were evaluated with a database consisting of a
wide range of test conditions. Furthermore, as an important topic, research of unstable and
transient flow boiling heat transfer in microscale channel is addressed and future research needs
have been pointed out. Through the analysis of the prediction results and heat transfer
mechanisms in this comprehensive review, further research needs in the aspects of fundamental
issues, mechanisms and model development of flow boiling in micoscale channels have been

identified and recommended.

2. Fundamental issues on flow boiling heat transfer in microscale channels

2.1. Criteria for distinction of macroscale and microscale channels

Due to the quite different flow boiling phenomena in microscale channels as compared to
conventional size channels or macroscale channels, the first and most important issue should be
clarified about the distinction between micro-scale channels and macro-scale channels. However,
a universal agreement is not yet established so far. Instead, there are various definitions on this
issue, which are based on the engineering applications, bubble confinements or others.

Shah [17] defined a compact heat exchanger as an exchanger with a surface area density
ratio > 700 m?/m?. This limit translates into a hydraulic diameter of < 6 mm. According to this

definition, the distinction between macro- and micro-scale channels is 6 mm.



Mehendale et al. [18] defined various small and mini heat exchangers in terms of hydraulic

diameter Dy, as:

e Micro heat exchanger: D=1 - 100 um.

e Meso heat exchanger: D, =100 um — 1 mm.

e Compact heat exchanger: Dp=1—-6 mm.

e Conventional heat exchanger: D > 6 mm.
According to this definition, the distinction between macro- and micro-scale channels is
somewhere between 1 to 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 [3] defined the following ranges of hydraulic diameters
Dy which are attributed to different channels:

e Conventional channels: Dy, >3 mm.
e Minichannels: Dy =200 um — 3 mm.
e Microchannels: D, =10 um — 200 pum.
According to this definition, the distinction between small and conventional size channels is 3

mm.

Several important dimensionless numbers are used to represent the feature of flow boiling
and two phase flow in micro-scale channels by various researchers. According to these
dimensionless numbers, the distinction between macro- and micro-scale channels may be
classified. Triplett et al. [19] defined flow channels with hydraulic diameters Dy, of the order, or

smaller than, the Laplace constant L:
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as micro-scale channels, where o is surface tension, g is gravitational acceleration, and p and pq
are respectively liquid and gas/vapor densities.
Kew and Cornwell [20] proposed the Confinement number Co for the distinction of macro-

and micro-scale channels, which is actually based on the Laplace number Eq. (1) as
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When the confinement number Co is less than 0.5, the channel is considered as microscale
channel.

Based on a linear stability analysis of stratified flow and the argument that neutral stability
should consider a disturbance wavelength of the order of channel diameter, Brauner and
Moalem-Maron [21] derived the Eotvés number E6 criterion for the dominance of surface

tension for micro-scale channels:
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E6 = >1 3)
(P| — Py )thg

It is obvious that the definition of a micro-scale channel is quite confusing because there
are different criteria available as described above. Cheng and Mewes [12] made a comparison of

these different criteria for micro-scale channels. Figure 4 shows their comparable results for
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water and CO,, which shows the big difference among these criteria. It is obvious that no general
definition of micro-scale channels has been agreed so far.
More recently, Harirchian and Garimella [22] has proposed a microscale to macroscale

criterion as follows:

Bd %S x Re:i(M]. GD? =160 4)
Hy o
Bd (MJ | (4a)
O
D= A, (ab)

where Bd is the Bond number, Re is the Reynolds number, G is mass velocity and D is length
scale, A is cross-sectional area of microscale channels. Figure 5 shows their macrocale to
microscale channel transition from confined flow to unconfined flow according to their
experimental data. This distinction criterion is based on the flow characteristics, which is
different from the afore-mentioned criteria. It is based on the convective confinement number
which is the product of the Bond number and the Reynolds number with the assumption that the
total gas liquid two-phase mixture flows as liquid. Compared to the criteria simply using a
threshold diameter, the criterion of Harirchian and Garimella needs to be further validated with
extensive experimental data because it is only based on their own experimental data which is
very limited in test conditions, channel size and shape. The proposed criterion may have

limitation when applied to other cases. In particular, it should be realised that their experiments
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were conducted in microscale channels. As such, all flows are actually confined in the
microchannels. Therefore, it is better to clarify what unconfined flow means in this case.

Ong and Thome [23] have proposed a new macro-to-micro channel criterion using the
confinement number Co defined by Eq. (2) according to their experimental data and observed
liquid films for different flow regimes. In annular flows, for the confinement numbers greater
than 1, they observed symmetric liquid film distribution along the channel wall and micro-scale
flow boiling behavior. For the confinement numbers lower than about 0.3, they observed non-
symmetric liquid film distribution along the channel wall. They observed isolated bubbles and
bubbles coalescence and the flow boiling is microscale behavior for the confinement number
greater than 1. For the confinement number is less than 0.3, they observed the plug-slug flow
pattern and flow boiling exhibits macroscale channel behaviors. For confinement numbers
between 1.0 and values within the range of 0.3 to 0.4, they observed the mesoscale channel
behaviour according to their test conditions and test channels. However, it should be realized that
the transition from macroscale-to-micoscale is a continuous and progress process which
corresponds to the flow regime, heat transfer behaviors and mechanisms. Therefore, the most
important point is to relate flow regimes to flow boiling heat transfer behaviours such as heat
transfer, CHF and fluid behaviour such as pressure drops as pointed out by Cheng et al. [11].
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 or
phenomenal predictions for both macroscale and microscale channels due to the continuously
progressive change from macroscale channels to microcale channels. This has been validated by
the flow pattern based CO, flow boiling model of Cheng et al. [24-26], which covers both

macroscale and microscale channels for CO, flow boiling heat transfer and two phase flow.
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Their generalized flow pattern based CO, flow boiling heat transfer model predicts both
macroscale and microscale channel flow patterns and heat transfer reasonably well. Especially,
their CO, flow pattern map captured well the independent flow pattern observations in
microscale channels by Gasche [27]. It gives a hint that the macroscale and microscale channels
may be determined according to the flow boiling heat transfer behaviour due to the intrinsic links
between the heat transfer mechanisms and the flow structures in both macroscale and microscale
channels. A mechanistic distinction criterion may be more of practice and effectiveness in
developing new flow boiling heat transfer prediction models. However, such criteria need to be
further developed in future. In this sense, using Kandlikar's criterion of 3 mm to distinct the
macroscale and microscale channels is quite reasonable when developing mechanistic models
because it covers the transitional region from macroscale to microcale flow boiling. It should be
realised here that the transition between microscale and macroscale channels has neither been
well defined nor seriously experimentally investigated as evidenced according the afore-going
analysis and discussion. However, one may distinguish between flow boiling behaviours such as
heat transfer, fluid flow and flow patterns behaviours in macroscale and microscale channels [11,
28-30, 33, 34, 37, 38]. It is definitely effective from a practical application viewpoint if the flow
patterns can be incorporated into flow boiling heat transfer and two phase frictional pressure
drop prediction methods simultaneously with the corresponding heat transfer mechanisms such
as those by Katten et al. [46], Wojtan et al. [31, 32], Cheng et al. [24-26] and Moreno Quibén
[35, 36]. Such a prediction method actually works reasonably well if related flow regimes and
bubble dynamics to the corresponding heat transfer behaviours.

It should be stressed here that in most cases the dimensionless number such as the

confinement number has been given different values according to individual observations and
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experimental data with limited test fluids, test channels and test conditions. Although a number
of such criteria have been proposed by various researchers so far, it is obvious that no universal
agreement has been reached according to the dimension less numbers. The main reason is due to
the limited experimental parameter ranges and test channel sizes and shapes.

In the present paper, the distinction between macro- and micro-channels by the threshold
diameter of 3 mm is adopted due to the lack of a well-established theory, but is in line with that
recommended by Kandlikar [3] as mentioned in the fore-going. Using this threshold diameter
enables more relevant studies to be included and thus the different flow boiling heat transfer
characteristics, mechanisms and models in various channels with different sizes can be compared

and analysed.

2.2. Fundamental issues of flow boiling heat transfer in microscale channels

Flow boiling heat transfer in conventional channels is governed by two basic mechanisms
of nucleate boiling dominant mechanism (relating to the formation of vapour bubbles at the tube
wall surface and bubble dynamics) and convection dominant mechanism (relating to conduction
and convection through a thin liquid film with evaporation on the channel wall and at the liquid—
vapour interface). It should stressed here that the flow boiling heat transfer mechanisms are
intrinsically related to the bubble dynamics and flow pattern behaviors [5, 24-25, 31, 33, 35-38].
The gravity becomes important for flow boiling in horizontal conventional channels and affects
the flow patterns and heat transfer behaviour. The flow boiling heat transfer is strongly
dependent on the heat flux in nucleation dominant boiling while the heat transfer is less
dependent on the heat flux and strongly dependent on the mass flux and vapour quality in

convection dominant boiling. It should be pointed out that one may assume that these boiling
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mechanisms function independently of one another for simplicity. However, the two main flow
boiling mechanisms may actually coexist at high vapor qualities, where the convective boiling
gradually suppresses the nucleate boiling [5]. Therefore, the nucleate and convective boiling
contributions to the heat transfer process can be superimposed by very complex mechanisms
which are not yet fully understood so far. In general, the flow boiling heat transfer mechanisms
in macroscale channels have laid a good foundation to investigating the flow boiling heat transfer
mechanisms in microscale channels which needs to be systematically explored through
considering more affecting factors such as bubble confinement, channel size and shape effects,
surface roughness, accurate liquid film and heat transfer measurement and corresponding flow
regime observation with state-of-the-art experimental technique and proper data analysis
methods.

Despite numerous investigations in the field of microchannel flow boiling for many years,
the characteristics of flow boiling still need to be better clarified. Quite different parametric
trends of heat transfer coefficient versus quality, mass velocity, and heat flux have been reported
in the literature. Figure 6 shows the various variations of heat transfer coefficient with vapor
quality in the literature as illustrated by Ribatski et al. [7] in their review. In most case, the heat
transfer coefficient decreases with increasing the vapor quality and the hydraulic diameter, and
the heat transfer coefficient increases with increasing mass velocity at a given vapor quality.
However, other variations are also observed as illustrated in Fig. 6. Just to show two
comparisons of the experimental data obtained at similar test conditions by different researchers
here as shown in Figs. 7(a) and (b) [7]. Figure 7(a) shows the comparison for R22 flow boiling
heat transfer coefficients at similar test conditions in two micrcoscale channels whose diameter

difference is very little. The flow boiling heat transfer coefficient increases from 3 to 8 kW/m’K
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for increasing vapor qualities from 0.2 to 0.8 according to the experimental data of Kim et al.
[67] while the flow boiling heat transfer coefficient keeps at nearly a constant value of 2
kW/m?2K for the experimental data of Bang and Choo [66]. It can be seen that there are big
difference of the experimental results for two similar test conditions in the microscale channel.
Figure 7(b) shows the comparison of the experimental flow boiling heat transfer coefficients of
R410A by Yun et al. [68] and Pamitran and Choi [54] in two microscale channels whose
diameter difference is very little. Again, remarkable discrepancies between the heat transfer
coefficients are observed. According to the experimental results of Yun et al. [68], the flow
boiling heat transfer coefficient increases with increasing the vapor quality up to 0.8 while for
the experimental results of Pamitran and Choi [54] the flow boiling heat transfer coefficient is
almost constant until increasing the vapor quality up to 0.4 and it then decreases monotonically
with further increasing the vapor quality. Furthermore, at the test conditions: vapor quality of
0.4, saturation temperature of 10 °C and heat flux of 15 kW/m?, the flow boiling heat transfer
coefficients of Yun et al. [68] are almost 3 fold those of Pamitran and Choi [54] at lower vapor
qualities and up to 10 fold at higher vapor qualities. It is very difficult to explain the observations
from the flow boiling heat transfer mechanisms. It seems that the high mass fluxes are not related
to such differences for the heat transfer coefficients of Pamitran and Choi as it is obvious that the
effects of the mass flux on the heat transfer coefficient are almost negligible as indicated in Fig.
7(b). It also seems impossible that the difference is caused due to the transition from macroscale-
to microscale channel behaviors because both experiments were performed in microscale
channels with similar tube diameters using the same working fluid and at similar test conditions.
Both Kim et al. and Yun et al. conducted experiments of flow boiling in rectangular multi-

channels and obtained similar parametric trends which are the heat transfer coefficient increases
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with increasing the vapor quality. However, Bang and Choo and Pamitran and Choi conducted
experiments of flow boiling heat transfer in single circular channels. The variations of the heat
transfer coefficients versus vapor qualities are almost flat at lower vapor qualities and then
decrease at higher vapor qualities for both studies. In a rectangular channel, the surface tension
effects on the liquid flow play a key role in the corners of the channel and result in a thinner film
on the channel wall than in the corners, which may result in higher evaporation heat transfer
coefficients. However, it is unable to explain the huge differences of the flow boiling heat
transfer coefficients in these examples according to the flow boiling heat transfer mechanisms..
Something might go wrong in the experiments and results. Obviously, when performing
experiments of flow boiling in microscale channels, well designed test facility, accurate
calibration and measurement systems, validation of the systems careful planned test procedure
and data analysis methods should be used. It is also important to do energy balance using single
phase heat transfer before the flow boiling experiments.

Furthermore, it should be pointed out here that the flow regimes should be related to flow
boiling heat transfer behaviours to indicate the corresponding heat transfer mechanisms [11, 37,
38]. Understanding the bubble dynamics and flow regimes in microscale channels is extremely
important when investigating the corresponding flow boiling characteristics. The effects of
multiple channels, single channels and channel shapes should be considered as well. Generally,
flow regimes in multi-microscale channels are similar to those in single microscale channels.
However, flow instability becomes important in microscale channels due to the confinement
effect of bubble dynamics. As such, reversible flow occurs as observed by Qu and Mudawar
show in Fig. 8. The complex flow instability issue is beyond the scope of this paper. Simply

considering the flow pattern in such flow boiling in microscale channels, there are several studies
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relevant to flow patterns in multi-microscale channels [37]. Here just to illustrate one example,
Wang et al. [48] conducted flow visualization and measurement study on the effects of
inlet/outlet configurations on flow boiling instabilities in eight parallel microscale channels,
having a length of 30 mm and a hydraulic diameter of 186 pm. The arrangement of their test
multi-channels are shown in Fig. 9. Figure 10 shows their observed flow patterns in the parallel
channels at steady flow condition. Elongated bubbles were observed due to the confinement of
the microscale channels. Other flow patterns include isolated bubble flow, coalescence bubble
flow and annular flow. Furthermore, Understanding bubble dynamics is essential to investigate
the heat transfer mechanisms [37]. Wang et al. [48] also observed high-speed images of bubble
nucleation process were obtained for different mass velocities, tube diameter and fluid. Figure
11(a) shows that flow boiling exhibited nucleate boiling characteristics with small isolated
bubbles at a negative local vapor quality (X = -0.034). Figure 11(b) shows that when the local
vapor quality was nearly equal to zero (x. = 0.005), the bubbles filled the entire cross-section and
then were flushed out of the channels. This resulted in the maximum value of heat transfer
coefficient, as discussed below. Figure 11(c) shows that at an exit vapor quality of x. = 0.26,
local dryout was observed instantaneously from t = 24.6-65.9 ms, and the lifetime of the dryout
increased with the increasing vapor quality. It can be speculated that the liquid film in the Taylor
bubbles ruptures easily, causing dryout in microchannels.

For flow boiling in microscale channels, both mass flux and heat flux can affect the boiling
process significantly, depending on the channel sizes and shapes, fluid type and operation
conditions. The inlet subcooling may also play a role in the microchannel flow boiling heat
transfer mechanisms but less investigation in this aspect is available in the literature. Although a

large number of studies suggest the two flow boiling heat transfer mechanisms in microscale
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channels, which are actually similar to those in macroscale channels, quite different
microchannel flow boiling heat transfer trends have been observed for similar test channels and
experimental conditions by different researchers, which sometimes cannot be explained by a
single mechanism. Therefore, the dominant heat transfer mechanisms still need to be well
clarified and they should be related to the relevant bubble and flow regime behaviours in
microscale channels. Figure 12 show schematically the two dominant flow boiling heat transfer
mechanisms in microscaole channels: nucleate boiling dominant heat transfer and convective
boiling dominant heat transfer [33]. However, the actual heat transfer mechanisms in microscale
channels are much more complex than the two mechanisms. The channel size and shape effects
on flow boiling heat transfer and the mechanisms become more important as they have a
significant effect on the corresponding bubble evolution flow patterns [37-39]. For instance, the
bubbly and the elongated slug regimes are said to exhibit the characteristics of the nucleate
boiling while the annular regime exhibits the convective boiling trend. This is quite similar to
what is observed in conventional sized (macro) channels. In conventional channel flow boiling,
different heat transfer mechanisms are dominant according to the vapour quality range, heat flux
and mass flux levels. At low vapour qualities, nucleate boiling effects prevail while at high
vapour qualities and prior to the liquid dryout, the heat transfer coefficient is mainly controlled
by convective effects. These heat transfer mechanisms are commonly considered when
developing flow boiling heat transfer correlations in conventional channels such as the Chen
correlation [40] and others [41-46]. However, nearly all conventional flow boiling heat transfer
correlations have been found to be inadequate to predict the flow boiling heat transfer data in the
microscale channels [38]. On a general basis, although by chance they sometimes work for a

particular data set, the failure of these methods to accurately predict the heat transfer coefficient
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in microscale channels means that more complex flow boiling heat transfer mechanisms
dominate the flow boiling processes in microscale channels. This is due to significant differences
in the phase change phenomena in the transition region between macro- and micro-channels and
also in the bubble growth and flow pattern evolution affected by the microscale channels. Many
extrapolations of macroscale channel prediction methods to microscale channel flow boiling
conditions were performed without a sound physical basis and clearly understanding of the
fundamental issues such as bubble dynamics and flow patterns representing the corresponding
flow boiling heat transfer mechanisms in microscale channels. Apparently these fundamental
issues have not been well solved although experimental data are continuously published. Careful
research work, deep analysis of the experimental data and development of reasonable

mechanisms governing the microscale channel flow boiling phenomena are urgently needed.

3. State-of-the-art review on studies on flow boiling heat transfer and mechanisms in

microscale channels

Experiments of flow boiling in microscale channels have been extensively conducted by
researchers over the past years. Both single- and multi-microscale channels with various shapes
such as rectangular, trapezoidal, circular and triangular etc. were used in the tests. Various fluids
such as water, Nitrogen, CO,, refrigerants, dielectric fluids and others have been employed as the
working fluid in the experiments under different test conditions. Table 1 summarizes the selected
experimental studies on flow boiling heat transfer in microscale channels and the corresponding

heat transfer mechanisms in the literature.
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As one of the pioneer studies, Lazarek and Black [49] conducted experimental studies of
flow boiling in small diameter tube. They measured the local heat transfer coefficients for
saturated flow boiling of R-113 in a vertical circular tube with an internal diameter of 3.1 mm, a
heated length of 12.6 cm over the static pressure range of 1.3 to 4.1 bar and mass flux from 140
to 740 kg/m?s. They have found that the flow boiling heat transfer mechanisms is controlled by
nucleate boiling dominant due to the independence of the heat transfer coefficient with the local
vapour quality. They proposed a correlation for the local flow boiling heat transfer coefficients
using the Nusselt number as a function of the liquid Reynolds number and the boiling number
based on their experimental data. However, it should be mentioned that such a correlation may
be difficult to be extended to other conditions due to the limited working fluids, test conditions
and channel sizes and shapes. It should also be mentioned here that other heat transfer
mechanisms may occur in different cases.

Bao et al. [50] conducted experiments of flow boiling heat transfer with R-11 and
HCFC123 in a horizontal circular tube with an inner diameter of 1.95 mm. Their test parameter
ranges are: mass fluxes from 50 to 1800 kg/m?s, heat fluxes from 5 to 200 kW/m? and saturation
pressures from 200 t0500 kPa. According to their study, flow boiling heat transfer coefficients
are independent of mass flux and vapour quality but are strongly affected by the heat flux and
saturation pressure. It means that the main heat transfer mechanisms are nucleate boiling
dominant. In their experimental observation, the flow boiling heat transfer behaves as the
nucleate boiling dominant mechanisms up to vapour quality of 70%. Their results shows trends
and mechanisms similar to those found by Lazarek and Black [49] using R-113 in a 3.1 mm
diameter tube, by Tran et al [70] using R-12 in a 2.46 mm diameter horizontal tube, and by

Owhaib et al. [71] using R-134a in vertical tubes with inner diameters of 0.826, 1.224, and 1.7
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mm. It should be realised that their results were based on only one tube diameter and two test
fluids as different heat transfer mechanisms may occur for other cases.

Huo et al. [72] conducted experiments of flow boiling of R134a in vertical tubes with two
diameters of 2.01 and 4.26 mm. They have found a more complex behaviour especially for vapor
quality larger than 20%, as shown in Fig. 13, where the flow boiling heat transfer coefficient is
plotted versus the vapor quality for different heat fluxes. Similar results have been found by Yan
and Lin [73] using R-134a in a 2.0 mm 28 parallel tubes channel, and by Lin et al. [75] using R-
141bin a 1.1 mm circular tube. Huh and Kim [74] have argued that major flow pattern is similar
with annular flow in their study, which would not support the nucleate boiling dominant
mechanism associated with an independency of heat transfer coefficient on mass flux or vapour
quality in their experimental data. It has to mention here that a 4.26 mm inner diameter tube falls
into the macroscale channel range but their heat transfer data cannot be explained by the well
documented flow boiling mechanisms.

Warrier et al. [51] took FC-84 as test fluid flowing through 5 parallel channels with each
channel having the following dimensions: hydraulic diameter of 0.75mm and length to diameter
ratio of 409.8. Their test parameter ranges are mass fluxes from 557 t01600 kg/m?s, heat fluxes
from 0 to 59.9 kW/m? and the inlet liquid temperatures of 26, 40 and 60°C. Based on their flow
boiling heat transfer data, they proposed a correlation for saturated flow boiling heat transfer
only using the Boiling number. Their saturated flow boiling correlation is valid in their test
ranges: 0.00027 < Bo <0.00089 and 0.03 <x <0.55. It should be pointed out that only using
one dimensionless number to develop a flow boiling heat transfer correlation does not really
capture the governing heat transfer mechanisms. Also such a correlation is difficult to be

extended to other fluids and conditions due to the limited data used.
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Zhang et al. [52] conducted extensive comparisons of the existing correlations for flow
boiling heat transfer in mini-channels. They have found that the available flow boiling heat
transfer correlations do not work for microscale channels. They have found that a common
feature of flow boiling heat transfer in many mini-channels is liquid-laminar and gas-turbulent
flow, and thus it may not be applicable in principle to predict the flow boiling heat transfer
coefficients by using the general existing correlations developed for liquid-turbulent and gas-
turbulent flow conditions, such as the Chen [40] flow boiling correlation. They proposed a new
correlation for microscale channel flow boiling based on various existing experimental data in
the literature. It should be pointed out that such a correlation is actually the Chen type correlation
with proposed new nucleate enhancement factor and suppression factor. As already mentioned,
from the mechanistic aspects, no flow regime information is considered in their methods. It is
important to correlate the flow regimes to the heat transfer mechanisms and the heat transfer
prediction methods although the correlation of Zhang et al. works well for global data in some
cases but it does not capture the heat transfer trends, like the Chen correlation does.

Lee and Mudawar [53] conducted experiments on flow boiling heat transfer of R134a in
horizontal rectangular parallel microscale channels with 231 um wide and 713 um deep groves
in a copper block. They have found that flow boiling heat transfer is associated with different
mechanisms for low, medium and high vapor qualities. Bubbly flow and nucleate boiling occur
only at low qualities less than 0.05 and low heat fluxes, which suggests the heat transfer
mechanism is nucleate boiling dominant. At medium qualities from 0.05 to 0.55 or high qualities
larger than 0.55 and high heat fluxes, the flow boiling heat transfer is dominated by annular film
evaporation. They proposed a new flow boiling heat transfer correlation for these three ranges of

vapour qualities, which is recommended for both R134a and water flow boiling in microscale
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channels. Due to the limited working fluids, test conditions and channel sizes and shapes, the
proposed correlation needs to be verified before applied to other cases.

Pamitran et al. [54] investigated the convective boiling heat transfer of binary mixture
refrigerant R410A in horizontal circular tubes with inner diameters of 1.5 and 3.0 mm lengths of
1500 and 3000 mm, respectively. Local heat transfer coefficients were obtained for heat fluxes
from10 to 30 kW/m?, mass fluxes from 300 to 600 kg/m?s, a saturation temperature of 10°C and
vapour quality up to 1.0. They proposed a new flow boiling heat transfer correlation based on the
superposition principle of nucleate boiling dominant and convective dominant mechanisms.
However, as already mentioned in the afore-going, their heat transfer are quite different from
others at similar test conditions and test channel size. It is difficult to explain the heat transfer
mechanisms according to their data. Furthermore, it should be mentioned here that their test mass
flux range is rather narrow and their correlation is only based on one fluid. Thus, it is necessary
to valid their correlation with independent data due to the limited working fluids, test conditions,
channel sizes and shapes.

Bertsch et al. [55] proposed a new heat transfer correlation for flow boiling in microscale
channels using a database of 3899 experimental heat transfer data points collected from 14
studies in the literature. Their database covers 12 different wetting and non-wetting fluids flow
boiling in channels with the hydraulic diameters from 0.16 to 2.92 mm. The test conditions of the
database cover the mass fluxes from 20 to 3000 kg/m?s, the heat fluxes from 4 t01150 kW/m?,
the saturation temperatures from 94 to 97°C and the vapor qualities from 0 to 1. Their flow
boiling heat transfer correlation predicts the flow boiling heat transfer database reasonably.
Although some of the data sets show opposing trends with respect to some parameters, the mean

absolute error is still acceptable for the new flow boiling heat transfer correlation. However, as
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already mentioned in afore-going, a reasonable heat transfer prediction method should not only
be able to capture the heat transfer trends but also be able to explain the physical phenomena and
the corresponding heat transfer mechanisms. In this aspect, relating flow patterns to the heat
transfer behaviors and mechanisms are essential. Therefore, effort should be made to develop
mechanistic or phenomenological prediction methods which should be based on the well
understanding the flow boiling heat transfer mechanisms and the corresponding flow regime
behaviours.

Ong and Thome [56] conducted experiments of flow boiling heat transfer with three
working fluids R134a, R236a and R245fa in a 1.03 mm horizontal circular channel. Their test
parameter ranges cover a wide range of mass fluxes from 200 to 1600 kg/m?s and heat fluxes
from 2.3 to 250 kW/m?. However, only one saturation temperature of 31°C was tested in their
investigation. According to their experimental results, the local saturated flow boiling heat
transfer coefficients depend on the heat flux and the mass flux. The variation of flow boiling heat
transfer coefficients trends correspond well with flow regime transitions of a flow map for
microchannel developed by Thome's group. However, it should be mentioned here that the
physical properties of a fluid are related to saturation temperature or pressure. In their study,
based only on one test saturation temperature of 31°C, it is difficult to identify how the physical
properties would affect the flow boiling heat transfer behavior and mechanisms. Therefore, it is
essential to reasonably define a range of saturation temperatures and other test parameters when
designing test runs in an experiment campaign. This is the basis to understand how the heat
transfer mechanisms would change with the physical properties and test parameters.

Sun and Mishima [57] evaluated thirteen prediction methods for flow boiling heat transfer

in microscale channels against a database including 2505 experimental heat transfer data for 11
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working fluids and tubes with tube diameters from 0.27 to 6.05 mm covering both macroscale
and microscale channels. They have found that the Chen correlation [40] and those methods
developed based on the Chen correlations are not suitable for flow boiling heat transfer
inmicroscale channels, which actually means that the heat transfer mechanisms in macroscale
channel cannot explain the flow boiling heat transfer behaviors in microscale channels properly.
Furthermore, they have found that the Lazarek and Black [49] flow boiling heat transfer
correlation and the Kew and Cornwell [20] flow boiling heat transfer correlation worked better
for their database than other prediction methods used in their study. Therefore, their results
support the nucleate dominant boiling mechanisms in microscale channel flow boiling. They
proposed a new modified flow boiling heat transfer correlation on the basis of the correlations of
the Lazareck and Black and the Kew and Cornwell. As already described in the foregoing,
various heat transfer mechanisms occur for different studies. Furthermore, a flow boiling heat
transfer prediction method based on limited dimensionless numbers may not be sufficient to
represent the intrinsic heat transfer mechanisms involved in microscale channel flow boiling. It
might predict the experimental data globally but it does not mean that such a method is able to
capture the heat transfer variation trends.

Li and Wu [58] evaluated the existing flow boiling heat transfer correlations for flow
boiling in microscale channels with more than 3700 experimental data points collected from the
literature. Their database covers a wide range of working fluids, operational conditions and
different microscale channel dimensions and shapes. They have found that none of the existing
flow boiling heat transfer correlations could predict their database properly. Therefore, they
proposed a new flow boiling heat transfer correlation based on their database. The boiling

number, the Bond number and the Reynolds number are adopted in developing the new
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correlation. Their flow boiling heat transfer correlation predicted their database reasonably well.
However, it needs to be verified by a wide range of independent experimental data. As already
mentioned, the correlation might predict the database globally but it does not mean that such a
method is able to capture the heat transfer variation trends. Furthermore, when develop a new
prediction method, it is important to incorporate the heat transfer mechanisms into the methods.

Tibirica and Ribatski [59] conducted experiments of flow boiling with R134a and R245fa
in a horizontal 2.3 mm inner diameter stainless steel tube with a heating length of 464 mm. Their
experimental flow boiling heat transfer results were obtained at the conditions: the mass fluxes
from 50 to 700 kg/m?s, the heat fluxes from 5 to 55 kW/m?, the saturation temperatures of 22, 31
and 41°C, and the vapor qualities from 0.05 to 0.99. According to their test results, the flow
boiling heat transfer coefficients are strongly affected by the heat flux, the mass flux and the
vapor quality. The heat transfer coefficient increases with increasing the heat flux, the mass flux
and the saturation temperature, which can be reasonably explained by the macroscale channel
flow boiling nucleate dominant and convective dominant heat transfer mechanisms. However,
their results are quite different from those by Huo et al. [72] showing decreasing trends of the
heat transfer coefficient with increasing vapour quality at similar test conditions and with the
same fluid R134a although the orientations of the test channels are different, which generally
does not make massive difference, especially in the respective of heat transfer mechanisms. It
should noticed that a 2 mm inner diameter tube may still fall into the macroscale channel range
and the heat transfer behaviors should be similar to those in macroscale channels. In this case,
their experimental results are quite reasonable.

Lin et al. [75] conducted an experimental investigation of flow boiling with R141b in

circular tubes with 3 tube diameters of 1.8, 2.8, 3.6 mm and one square channel of 2 x2 mm?.
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The mass fluxes range from 50 to 3500 kg/m?s. They have found that both the nucleate boiling
dominant and convective dominant heat transfer mechanisms. The local heat transfer coefficient
was found to be a weak function of mass flux while the mean heat transfer coefficient was
independent of mass flux. They have showed that the transition from nucleate boiling to
convective boiling at high heat fluxes occurred at higher qualities. In the absence of dryout in the
saturation boiling region, they have found that the mean heat transfer coefficient varied only
slightly with the tube diameter and was mainly a function of the heat flux.

Chen and Garimella [77] conducted experiments of flow boiling with a dielectric fluid in a
silicon chip-integrated multiple microscale channel heat sink consisting of 24 microscale square
channels with 389 pm x 389 pum in cross-section each. The multiple microscale channels were
fabricated into a square silicon substrate with 12.7 mm x 12.7 mm. The flow regimes of the
corresponding heat transfer behaviors were observed in their tests. They have found that at lower
heat fluxes, the main flow regime is the bubbly flow. With increasing the heat flux, the bubbles
coalesced and vapor slug flow regimes were formed. With further increasing the heat flux to
higher values, the main flow regimes in the downstream portion of the microscale channels are
characteristic of alternating wispy-annular flow and churn flow. In the meantime, the reversed
flow phenomena were observed in the upstream region near the inlet of the microscale channels.
The local heat transfer behaviors are quite different for three flow rates. At lower heat fluxes, the
heat transfer coefficient increases with increasing the heat flux. At medium heat fluxes, the heat
transfer coefficient is independent of flow rate. At higher heat fluxes, the heat transfer coefficient
decreases with further increasing heat flux. This is mainly due to partial dryout ocuring in some

of the microscale channels which actually deteriorate the heat transfer.
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Liu and Garimella [78] conducted experiments of flow boiling heat transfer with D.l. water
in two rectangular microscale channels cut into a copper block. The microscale channels with
275 pm x 636 pm and 406 pm x 1063 pum were used in their tests. The mass fluxes were from
221 to 1283 kg/m?s. Chen and Garimella [79] conducted experiments of flow boiling heat
transfer with FC-77 in a copper microchannel heat sink with 10 rectangular channels, each with
504 pm x 2.5 mm. The mass fluxes are from 80 to 133 kg/m?s. Both experimental results are
similar to those by Chen and Garimella [77]. All these studies have showed that beyond the onset
of nucleate boiling heat transfer, the boiling curves collapsed on a single curve for all mass flow
rates. With further increasing the heat flux, the boiling curves diverged and became dependent on
the mass flux. It means that the two flow boiling heat transfer mechanisms exist in their study.
Apparently, their results are quite different from those of Lazarek and Black [49], Bao et al. [50],
Tran et al [70] and Owhaib et al. [71]. As already mentioned, it is very important to understand
the heat transfer trends and mechanisms by observing the flow phenomena and flow regimes
[76]. These studies have provided good examples but systematic studies in this aspect are needed
to better understand the heat transfer mechanisms.

The channel size has a significant effect on the two phase flow and heat transfer behaviors
in microchannel. So far, few have systematically investigated the effect of microscale channel
dimensions on the flow boiling heat transfer behaviors. A few studies have considered the effect
of microscale channel size on flow boiling patterns and the transition between different flow
patterns [37] while the effect of microchannel size on heat transfer coefficient has been largely
unexplored.

Saitoh et al. [61] conducted flow boiling heat transfer experiments for R134a in single

horizontal channels with inner diameters of 0.51, 1.12 and 3.10 mm. Figure 14a—c show the
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effect of heat flux g and mass flux G on the flow boiling heat transfer coefficients for the three
different diameter tubes. For the 3.1-mm-ID tube results as shown in Fig. 144, in the low vapor
quality less than 0.6, when the mass flux is fixed at 300 kg/m?s, the heat transfer coefficient for
the heat flux of 24 kW/m? is higher than that for the heat flux of 12 kW/m? whereas when the
heat flux is fixed at 12 kW/m?, the heat transfer coefficient for the mass flux of 150 kg/m?s is
similar to that for the mass flux of 300 kg/m?s. However the heat transfer coefficients at vapor
quality large than 0.6 and at a fixed heat flux of 12 kW/m?, the heat transfer coefficient at the
mass flux of 300 kg/m?s is higher than that at the mass flux of 150 kg/m?s, whereas at a fixed
mass flux of 300 kg/m?s, the heat transfer coefficient at the heat flux of 12 kW/m? is similar to
that at the heat flux of 24 kW/m?. According to their experimental results, in the low vapour
quality region, nucleate boiling is the dominant heat transfer mechanisms and in the high vapour
quality region, forced convective evaporation is the dominant heat transfer mechanisms.
According to the 1.12-mm-ID tube test results shown in Fig. 14b, the heat transfer coefficients
are slightly higher than those for the 3.1- mm-ID tube shown Fig. 14a, and the effects of heat
flux and mass on the heat transfer coefficients are similar for both test tubes and thus the heat
transfer mechanisms are the same for these two tubes. Their flow boiling heat transfer results are
in consistent with those by Tibirica and Ribatski [57] but again contradictory to those by Huo et
al. [70]. For the 0.51-mm-ID tube results shown in Fig. 14c, the flow boiling heat transfer
coefficient increases with increasing the heat flux but is not significantly affected by the mass
flux, which indicate that nucleate boiling is the dominant heat transfer mechanisms. Of the three
tubes, the flow boiling heat transfer coefficients for the 0.51-mm-ID test tube are the highest at
the vapor quality less than 0.5. With decreasing the tube diameter, the heat transfer coefficient

decreases at lower vapor quality. The vapor quality at which the heat transfer coefficient starts to
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decrease is 0.9 for the 3.1-mm-ID test tube, between 0.8 and 0.9 for the 1.12-mm-ID test tube
and between 0.5 and 0.6 for the 0.51-mm-ID test tube. According to their experimental results,
for the three tubes, the effects of heat flux are strong and nucleate boiling mechanism is the
dominant. However, according to their results, the 3.10 mm diameter channel exhibited the
strongest effect of mass flux on the heat transfer coefficient as compared with the 1.10 mm test
tube while the least effect on mass flux was observed for the 0.51 mm diameter test tube. The
onset of dryout was observed to occur earlier in the lower vapor quality region with decreasing
channel diameter. According to their study, the convective boiling dominance significantly
decreases with decreasing the tube diameter. It is very interesting to see the different heat
transfer behaviors and mechanisms affected by the tube diameters. For both 3.1 mm and 1.12
mm diameter tubes, the heat transfer behaviors exhibits the heat transfer behaviors and
mechanisms in macroscale channels. However, for the 0.51 mm diameter test tube, the flow
boiling heat transfer behaviors and mechanisms have changed signifcantly. As mentioned in
fore-going, the distinction between macroscale and microscale channels may be classified
according to the flow boiling heat transfer behaviours or mechanisms rather than fixed diameters.
This study is a good example to distinct the macrosclae and microscale channels according to the
heat transfer mechanisms but further systematic studies are needed to well document the criteria
for such a distinction.

It should be mentioned that the experimental data from the different independent studies
show somewhat different heat transfer trends at similar test conditions. This may be caused by
the channel size, working fluids, heat methods or measurement accuracy etc. Just to show two
examples here, Figure 15 shows comparison of the experimental data of flow boiling heat

transfer coefficient with CO, by Yun et al. [100] for two diameters of 1.53 and 1.54 at the same
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test conditions. According to their results, heat transfer coefficients can be higher up to 80% with
a very little change of hydraulic diameter from 1.53 mm to 1.54 mm at the same test conditions.
No explanation why there is such a big difference even was offered in their paper. Figure 16
shows the comparison of the CO, flow boiling heat transfer coefficients of Pettersen [101] with
those of Koyama et al. [102] in microscale channels. The biggest difference between them is that
in Koyama et al. the heat flux is 32.06 kW/m? while in Pettersen it is 10 kW/m?. The heat
transfer coefficients fall off at a vapour quality of about 0.7 in the study of Pettersen while the
heat transfer coefficients increase even at qualities larger than 0.7 in the study of Koyama et al. It
is difficult to explain why the heat transfer coefficients fall off at the lower heat flux in one study
while they still increase at the higher heat flux in the other study. This could be an effect of the
heating methods or because of multi-channel vs. single channel test setups. It should be
mentioned that well design test system, proper measurement techniques and data reduction
methods should carefully considered when conducting experiments. Furthermore, careful
analysis of the experimental results against heat transfer mechanisms are also needed.

Harirchian and Garimella [65] conducted experiments of flow boiling with FC-77 in
multiple rectangular microscale channel heat sinks. They analysed the effect of the mass flow
rate and the channel size on the flow boiling heat transfer characteristics in microscale channels
with a constant channel depth of 400 um and different channel widths ranging from 100 pum to
5850 pm. The mass fluxes ranged from 250 to 1600 kg/ m?s in their tests. Figure 17 shows the
mass flux effect on the flow boiling heat transfer characteristics. It can be seen that the heat
transfer coefficient increases with increasing the mass flux in the single-phase regime. The heat
transfer coefficient becomes independent of mass flux and increases with increasing the heat flux

in the boiling region. At higher heat fluxes, the convective boiling is the dominant heat transfer
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mechanism, therefore, the heat transfer coefficient increases with increasing the mass flux. From
the flow visualizations performed in their study, the suppression phenomena of the bubble
nucleation in the microscale channels were observed. This has confirmed the convective boiling
dominant heat transfer mechanism which is related to the measured heat transfer characteristics.
The experimental results and observations are in consistence with those obtained by Chen and
Garimella [77]. With further increasing high heat fluxes, the heat transfer coefficient starts to
decrease due to the incipience of dryout in the microscale channels. The partial dryout
phenomena on the channel wall has been has confirmed through flow visualization and been
explained by Chen and Garimella [77]. Figure 17 shows the effects of microscale channel width
on the local heat transfer coefficient as a function of (a) wall heat flux and (b) base heat flux. It is
obvious that the heat transfer coefficient is independent of microscale channel width for channels
of width 400 um and larger than 400 um. Even for the microscale channel width less than 400
pum, the heat transfer coefficient has little dependence on the channel size. For example, for the
channel width of 250 um, the heat transfer coefficients are slightly less than those for the larger
channel widths for any wall heat flux as shown in Fig. 17(a). However, for the microscale
channel width of 100 um, the flow boiling heat transfer characteristics are significantly different.
The heat transfer coefficients are relatively higher at lower heat fluxes. With increasing the heat
flux, the boiling heat transfer curve crosses over and the heat transfer coefficients are is less than
those of the larger microscale channel widths. This is mainly due to higher vapor quality at the
exit of the microscale channels with the width of the 100 pm and the corresponding flow regime
is annular flow. Therefore, the heat transfer coefficients are larger at lower heat fluxes. As shown
in Fig. 17 (a), when the width of the microscale channels is larger than 400 um for a constant

channel depth, there is no effect on the heat transfer coefficient at a constant wall heat flux. Fig.
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17 (b) shows the variation of the heat transfer coefficient with the base heat flux for different
microscale channel widths. At a constant heat flux in the microscale channel heat sink, the heat
transfer coefficient increases with increasing the microscale channels width.

Qu and Mudawar [60] conducted experimental study of flow boiling in a water-cooled
microscale channel heat sink. Their heat sink was made on a copper substrate and contained 21
parallel channels, each having a 231x713 pm? rectangular cross-section. The inlet Reynolds
number ranged from 60 to 300. The inlet temperature was maintained constant at either 30°C or
60°C by appropriately adjusting the mass flux and heat flux, in the range of 135-402 kg/m?s and
20-135 W/cm?, respectively. Their measured saturated flow boiling heat transfer coefficients
were measured at two inlet temperatures of 30°C and 60°C. The heat transfer coefficient are be in
the range of 22-44 kW/m?K. It seems that the inlet temperature has some effect on the heat
transfer coefficient but the knowledge in this aspect is very little in the literature. Contrary to
behaviour observed in macroscale channels, the heat transfer coefficient decreased with
increasing vapour quality. They attributed the unexpected heat transfer trends to appreciable
droplet entrainment at the onset of the annular flow regime. Similar dependence of heat transfer
coefficient on vapour quality was reported by Hetsroni et al. [82] for flow boiling of Vertrel XF
in a heat sink that had 21 parallel triangular microscale channels each of hydraulic diameter 129
um. Yen et al. [81] studied flow boiling of water and refrigerant HCFC123 and FC72 in
microscale channels respectively. They also observed that the heat transfer coefficient decreases
with an increase in vapour quality, in agreement with the results of Qu and Mudawar [60] and
Hetsroni et al. [82].

More recently, Charnay et al. [83] conducted experimental study on flow boiling ina 3 mm

diameter horizontal circular tube. They investigated the effect of heat flux on the heat transfer
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coefficients at mass velocity of 700 kg/m?s and two different saturation temperatures (60 and 80
°C). At 60 °C, the heat transfer coefficients are strongly affected by the heat fluxes at low vapour
qualities where the flow regime is intermittent flow. The heat flux heat transfer coefficient
curves at low and high heat fluxes converge at high vapour qualities where the flow regime is
annular flow. At 80 °C, the heat flux strongly affects the heat transfer coefficients at all vapour
qualities before the incipience of dryout. The heat transfer coefficient increases with increasing
the vapour quality in annular flow. This is attributed to the enhanced contribution of convective
boiling heat transfer with increasing the vapour quality. Considering the heat transfer
mechanisms, nucleate boiling is dominant in the intermittent flow regime while nucleate and
convective boiling are important in the annular flow regime. They also investigated the mass flux
effect on the heat transfer coefficients. Two different trends have been identified as
distinguished: the higher the mass velocity, the larger the heat transfer coefficient for 60 °C and
the higher the mass flux, the smaller the heat transfer coefficient at lower vapor qualities while
the higher the mass velocity, the larger the heat transfer coefficient at higher vapor qualities 80
°C. They have found that the heat transfer coefficients are independent of the vapor qualities in
the intermittent flow regime and the mass flux effect is less important because the nucleate
boiling is the dominant heat transfer mechanism. In the annular flow regime, the heat transfer
coefficient increases with increasing the vapor quality except for a mass velocity of 300 kg/m? s
where the heat transfer coefficient is almost constant over the whole range of vapor quality.
Convective boiling is the dominant heat transfer mechanism in this region. At large mass fluxes,
the smaller bubbles tend to coalesce to form bigger bubbles. Thus, the bubbles frequency

reduction could be used to explain the results.
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As mentioned in the fore-going, it is very important to relate the flow regimes and bubble
dynamics to the heat transfer coefficient behaviours because they are intrinsically related each
other. In particular, for microscale channel, well designed test facility and accurate measurement
system are essential for accurate experimental heat transfer coefficient data. The different heat
transfer trends 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 physical properties, the test parameter ranges, the data analysis and presentations
etc. Different heating methods such as fluid heating and electrical heating, measurement methods
and different data reduction methods could results 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. 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
other words, researchers are in somewhat of a ‘dilemma’ to conclude which is the dominant heat
transfer mechanism in their studies as sometimes their proposed heat transfer mechanisms
actually do not describe their heat transfer coefficient trends properly.

There is still a debate about the possible governing heat transfer mechanism for
microchannel flow boiling, i.e. nucleate boiling dominant or forced convective boiling dominant.
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 vapour quality and mass

flux. In convective boiling dominant region the heat transfer coefficient largely depends on
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vapour 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 mechanisms as described in the foregoing. For flow boiling in microscale channels,
understanding the fundamental heat transfer mechanisms should be relevant to the relevant flow
regimes and bubble dynamics in microscale channels, considering the channel size effect on the
bubble growth and flow patterns [84-85]. Unfortunately, in most available publications, the flow
patterns and flow boiling heat transfer behaviours have been separately investigated. In fact, the
flow regimes and heat transfer behaviours are intrinsically related to each other. Both the flow
regimes, bubble behaviours and heat transfer should be observed and measured simultaneously
in experiments for a better understanding the microchannel flow boiling phenomena and
mechanisms. Furthermore, mechanistic prediction methods based on flow regimes and bubble
behaviours are needed. There are already several such studies available. For another example,
Jacob and Thome [86], Thome et al. [87] and Dupont et al. [88] proposed a evaporation 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 [106] and Thome and Cioncolini [107] have recently developed new mechanistic heat
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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
in this review. It shows very promising results with the flow pattern based heat transfer model.
However, systematic knowledge in this aspect has not yet completely achieved by relating heat
transfer model, mechanism and flow patterns due to the effects of fluid types, channel sizes, test
conditions and unstable flow boiling in microscale channels. Especially, generalised flow regime
transition criteria are needed for developing/improving the heat transfer prediction using
mechanistic methods. Therefore, effort should be made to advance well documented knowledge
in microchannel flow boiling heat transfer and the heat transfer mechanisms governing the flow
boiling processes through well designed experiments on both flow boiling and flow patterns but
considering the channel size effect on them in future.

In summary, from the available studies on microscale flow boiling, flow boiling heat
transfer mechanisms have been classified by 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 vapour 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. (v) Annular flow

model for flow boiling in microchannel.
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4. Review and evaluation of models and correlations of flow boiling heat transfer in

microscale channels

4.1. Classification of flow boiling heat transfer models and correlations

There are a large number of correlations and models available in the literature for flow
boiling of saturated liquids in conventional channels. A number of researchers have developed
correlations or models for microchannel flow boiling 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. The heat transfer
coefficient correlations can generally be divided into three groups: (i) The summation
correlations: The heat transfer coefficient is considered to be the addition of the nucleate and

convective boiling contribution such as the Chen correlation [40]:

htp = EhI + Shpool (5)

where the liquid phase heat transfer coefficient h; is and the pool boiling heat transfer coefficient
hpool- S is the nucleate boiling suppression factor The convective enhancement factor, E,. (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 [45]:

1

htp = (hl + hpool )H (6)

where n >1, the heat transfer coefficient hy, asymptotically approaches to the nucleate boiling

heat transfer hyoo Or convective boiling heat transfer h,. (iii) The flow pattern based model: This
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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. [46], Wojtan et al. [32, 32], Cheng et
al. [24-26] and Moreno Quibén et al. [35, 36] which are based on the asymptotic model and the
relevant flow patterns, the mechanistic heat transfer models for flow boiling heat transfer in
microscale channels such as the three zone heat transfer model for flow boiling in microchannels
by Thome et al. [87, 88] and annular flow heat transfer model developed by Cioncolini and

Thome [106] and Thome and Cioncolini [107].

4.2. Evaluation of correlations and models for flow boiling heat transfer in microscale
channels

Over the past years, a number of correlations and models have been developed for
microchannel flow boiling heat transfer. These heat transfer prediction methods are either by
modifying the Chen correlation [40] or correlating their own experimental data according to
dimensionless numbers by a number of researchers. It should be pointed out that may
correlations are only based on limited test fluids and conditions. Although various flow boiling
heat transfer mechanisms have been proposed in different studies, their corresponding flow
patterns and bubble evolution processes have not been observed by using flow visualization
technology. Furthermore, these correlations actually based on the two heat transfer mechanisms
for conventional channels do not really represent the very complex heat transfer mechanisms in
microchannel flow boiling, which have not yet been well understood. Therefore, these
correlations can only work for some specific fluids and conditions. In some cases, they cannot
predict the heat transfer properly and even give wrong predictions. This is mainly due to the lack

of understanding of the physical mechanisms, the limited applicable parameter ranges and
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inaccurate measured heat transfer data or wrong heat transfer data caused by the unreasonable
test facility, measurement system and improper data reduction methods etc. Table 2 summarizes
the selected flow boiling heat transfer models and correlations in microscale channels.

To evaluate these models and correlations for flow boiling heat transfer in micro-scale
channels shown, a database has been established by collecting experimental data from the
selected studies in the literature. A heat transfer database including 2336 data points extracted
from the selected 11 published papers has been compiled from the studies listed in Table 3.
Table 4 summarizes the test fluids and parameter ranges of the database. The database covers a
wide range of test fluids and experimental parameter ranges: 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. The
database was compared to the 12 flow boiling heat transfer correlation including the correlations
of Chen [40], Gungor and Winterton [41] and Liu and Winterton [42] for conventional channels
and nine selected models and correlations for microscale channels in Table 1. The statistical

analysis is based on relative error & (the percentage of predicted points within +30%):

_ Predicted — Measured (16)
Measured

S

Table 5 shows the statistical analysis of the predicted results with the selected flow boiling
correlations for each individual fluid and all fluids using the relative error & within £30%. The
two best correlations for each fluid are in highlighted in table 5. According to the proportions of
data falling within the ranges of +30% error band, comparative results of the two best

correlations for each fluid are shown in Figs. 18 to 25. Overall, the Saitoh et al. [61] and the Li
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and Wu [58] correlations provide better predictions than other correlations for the whole
database. However, the Saitoh et al. correlation only predicted 54.9% of the whole database, and
the Li and Wu correlation only predicts 56.7% of the whole database. Although some
correlations may work well for certain fluids, e.g. the Saitoh et al. correlation predicts well the
R12, R22 and R141b data, they do not work for other fluids while the Saitoh et al. correlation
only predicts 3.1% of R410A data. It is interesting that the Chen correlation predicts well the
R245fa data better than all other correlations except that the Li and Wu correlation poorly
predicted the data. This might be by chance to capture the data for that fluid, or some other
reasons such as the R245fa flow boiling might be still in macro-scale channels. It should be
realised that the database for developing the Li and Wu correlation concludes R245fa data. The
reason why their correlation does not work well for the R245fa data is unclear.

In general, the heat transfer correlations for flow boiling conventional channels do not
work for microscale channel flow boiling. It can be concluded that no models and correlations
can satisfactorily predict all the experimental data for the tested 8 fluids in the database. It is
impossible to reach a conclusion from the comparisons due to the big discrepancies among the
experimental data from different researches. Furthermore, another reason is due to the flow
boiling mechanisms in micro channels. In fact, simply modifying the heat transfer correlation for
conventional channels does not representing the actual heat transfer mechanisms governing the
microchannel flow boiling phenomena. Simply referring to the two different heat transfer
mechanisms for microscale channel flow boiling, which can in fact simultaneously occur in
microscale channels, does not properly representing the actual mechanisms in microscale
channels. Furthermore, quite a large number of experiments were conducted in the presence of

two phase flow instabilities, which may drastically affect the heat transfer trends. Moreover,
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erroneous data regression procedure is frequently adopted to develop a new correlation. Inherent
difficulties verified in conventional flow boiling heat transfer measurements are incremented in
the case of microscale channels due to the reduced scales involved. The different data reduction
methods may be another big factor which affects the experimental results significantly, and thus

further affects the prediction method developed based on these data.

4.3. Evaluation the three-zone heat transfer model and the flow pattern based heat transfer

model for flow boiling in microscale channels

Several flow pattern-based mechanistic models for two phase flow and heat transfer in
microscale channels have been developed over the past decades [87, 105-107]. In particular,
various new mechanistic models for flow boiling in microscale channels such as three zone heat
transfer model for elongated bubbles in microchannels by Thome et al. [87, 88], recent updated
version of three zone model by Costa-Patry and Thome [105] and annular flow heat transfer
models covering both macro- and microchannel by Cioncolini and Thome [106] and Thome and
Cioncolini [107]. The three-zone heat transfer models and a flow pattern based heat transfer
model the three zone model and the annular flow model were evaluated with the database.
According to the comparative results, some analysis and future research needs are addressed.

Figure 26 shows the diagram illustrating the three zones: a liquid slug, an elongated
bubble and a vapour slug. They proposed this flow boiling heat transfer model, which predicts
the local dynamic and the local time-averaged heat transfer coefficient at fixed locations along
the channel based on the evaporation of elongated bubbles. As shown in Fig. 26, following the
passage of a liquid slug, a bubble is modelled to pass as a confined elongated bubble trapping a

thin liquid film against the inner wall. If the liquid film does dry out before the arrival of the next
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liquid slug then a vapour slug follows (triplet). If not, then the model assumes the existence of a
pair consisting of the liquid slug and the elongated bubble. Therefore, one of the novelties of the
model is the fact that it considers a dryout zone and exploits the transient evaporation of the film.

The model determines the time-averaged local heat transfer coefficient as follows:

by b (2) )

tfilm
(2) =1y (2) + =% P (2)

where hy(z) and h,(z) are heat transfer coefficients of the liquid and vapour slugs. They are
calculated from their local Nusselt numbers using the respective equivalent lengths of the liquid
slug, L, and dry wall zone Lgry as in Fig. 26. The London and Shah correlation for laminar
developing flow and the Gnielinski correlation for transition and turbulent developing flow
[108]. The mean heat transfer coefficient through the evaporating thin liquid film surrounding

the elongated bubble hsim(z) is calculated as follows:

Niim (2) = l In % (18)
50 - 5end 5end
5(z,t)=8,(2) -3t (18)
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p,d
Bd = !TVD2 (18d)

where t; is the time for the liquid slug pass a fixed location z , tqi, is the residence time of the
film and tqry is the duration of the local wall dryout, which are calculated as follows:

T

tf=—F+— (29)
142 (j
Py 1-x
t=———s (20)
1+ p"(_XJ
AL X
h
tdry, film (Z) = % [50 (Z) - 5min ] (21)
Opin = 0.3 pm (21a)
1.74
f = i a (22)
T= qref

where the reference heat flux is a function of the reduced pressure:

1.74
Oy = 3328(@J (22a)

crit

It should be mentioned here that Costa-Patry and Thome [105] have presented a new flow
pattern-based prediction methods in microchannel based on their experimental results and apply

an updated three-zone flow boiling model for elongated bubbles for several multimicrochannel
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evaporators in silicon and copper and for single-microchannel tubes in stainless steel. They have
found the dryout thickness is well represented by setting it equal to the measured channel
roughness for the silicon, copper and stainless steel test surfaces in the updated three-zone flow
boiling model for elongated bubbles. They have reported that their method predicts the results
quite accurately and also captures the trends in the heat transfer coefficients well. Furthermore,
they use the Reynolds number of 1500 to distinguish the laminar and turbulent flow and apply
different heat transfer correlations for laminar and turbulent flows. However, according to our
comparisons of the updated model to the database, it does not show significant different from the
original three zone model. The main reason that that heat transfer in the liquid film is the
dominated heat transfer mechanism according to the model. In our database, the surface
roughness is not known. It is recommended to use the updated three zone model if surface
roughness is known.

Cioncolini and Thome [106] proposed a heat transfer model for convective evaporation in
annular flow in the absence of wall nucleation and proposed a new algebraic turbulence model
for the transport of linear momentum and heat through the annular liquid film. Figure 27 shows
their physical model of annular flow. Thome and Cioncolin [107] have recently presented a
unified modeling suite for annular flow for two phase flow, convective boiling and condensation
in macro- and micro-channels. The annular flow suite currently includes models to predict the
void fraction, the entrained liquid fraction, and the wall shear stress and pressure gradient, and a
turbulence model for momentum and heat transport inside the annular liquid film. The turbulence
model, in particular, allows prediction of the local average liquid film thicknesses and the local
heat transfer coefficients during convective evaporation and condensation. Their heat transfer

model for microchannels is as follows:
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annular flow as follows:
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Costa-Patry and Thome [105] presented a new flow pattern-based prediction methods in
microchannel based on their experimental results and apply an updated three-zone flow boiling
model for elongated bubbles and the Cioncoilin-Thome unified annular flow model for
convective boiling [106, 107]. The two methods are jointed together into a flow pattern-based

method using a new heat flux-dependent flow pattern transition criterion between slug flow and

(28)
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It should be pointed out that Eq. (28) is only based on several fluids and their test conditions.
When applying to other fluids and test conditions, it does not always give proper transition from
slug flow to annular flow. In this case, heat transfer behaviour together with corresponding void
fraction (> 0.5) is used to distinguish the transition for the slug and annular flows. From below
comparison, it works reasonably but it is suggested that further development of a generalised
transition criterion for a wide range of fluids and test conditions be conducted in future.

Table 6 shows the statistical analysis of the predicted results with the selected flow boiling
correlations for each individual fluid using the relative error & within £30%. It can be seen that
the three zone model predicts 48.3% of the R134a data within £30%, 48.7% of R22 data within
+30% and 43.6% of the R141b data within £30% while for others fluids it does not work well. In
the comparisons, it should be realized that the three zone model only predicts 67% of their
original database including R11, R12, R113, R123, R134a, R141b and CO; [88]. Thus, the
predictions for the independent data are quite reasonably. Predictions for some fluids are poor
due to these fluids were not in their original database. Furthermore, the model does not cover
some test conditions such as heat flux, saturation temperatures and channel sizes. Considering
R134a data, the model works very well for some data while it does not predict other data at all.
Here just show one example, the model predicts 90.4% of the 365 data points of R134a by Wang
et al. [64] within £30% as shown in Fig. 28. It does not predict the data points of R134a by In
and Jeong [63] at all. This may be caused due to the flow pattern difference and also other test
parameter ranges. Egs. (21a), (22) and (22a) actually depend on the database and test conditions.
To apply the three zone model to other fluids and conditions, these equations should be

modified. It should also be realized that the three zone model sometimes does not capture the
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parametric trends of the experimental data and the effect of diameter as shown in Fig. 34 (The
diameter effect does not show the increase of heat transfer coefficient with decreasing the
channel diameter). Therefore, it is suggested to update the three zone model according the
elongated flows only according to relevant flow maps for microchannels and the corresponding
heat transfer mechanisms.

Adopting flow pattern based heat transfer model combining the three zone model and the
annular flow model together with the corresponding flow patterns gives much better results than
the three zone model alone. It can been seen as in Table 6 that the flow pattern based model
predicts 69.1% of the R134 data +£30%, 76.3% of the R22 data within +30%. 68.4% of the
R245fa data within £30%, 66.7% of the R141b data within +30% and 64.3% of R123 data within
+30%. Figure 29 (a), (b) and (c) shows the comparative results for all data points of R134a,
R234fa and R22 respectively. For N, and R12, the predictions are much improved as compared
to those predicted by the three zone model alone. Overall the flow pattern based heat transfer
model predicts 54.4% of the whole database which among the three best prediction methods used
in this paper. Furthermore, the model captures the heat transfer trends as shown in Fig. 30 (a),
(b), (c) and (d) for R22, R123, R134 and R234fa at the indicated test conditions respectively. It
can be seen that the model works well for a wide range of tube diameters from 0.19 mm to 3 mm
as in Fig. 30 (a)-(c). As already mentioned in afore-going, the three-zone model does not always
capture the heat transfer trends, therefore, this may affect the predictions when combined with
the annular flow model. It is also important to consider the nucleate boiling effect at very low
vapor quality range as indicated in Fig. 30 (a) and (b) although this region is very narrow.
However it will help to understand the heat transfer mechanisms as the heat flux effect becomes

significant in this low vapor quality region. All other flow regimes are evolved from the tiny
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bubble generation and their growth due to the added heat flux and nucleate boiling process.
Therefore, further improvement of the combined model is needed including updating the three
zone model for a wide range of parameters such as mass flux, heat flux and saturation
temperature, test fluids, channel sizes and proposing new transition criterion for the slug to

annular flow regime.

4.4. Flow pattern based phenomenological models for flow boiling heat transfer covering

both macroscale and microscale channels

Cheng et al. [24-26] modified the flow pattern based heat transfer model of Wojtan et al. [31,
32] to CO;, flow boiling covering both macroscale and microscale channels. The modofied model
of Cheng et al. predicted the microscale flow boiling heat transfer of CO, reasonably well and it
relates the heat transfer mechanisms and behaviours to the corresponding flow regimes. In their
model, the Kattan-Thome-Favrat [46] general equation for the local flow boiling heat transfer

coefficients hy, in a horizontal tube is used as the basic flow boiling expression:

_ edryh/ + (27[ - Hdry ) hwet
- 2r

hy (17)

where Gy is the dry angle defined in Fig. 31. The dry angle 6y defines the flow structures and
the ratio of the tube perimeter in contact with liquid and vapour. h, and h are the heat transfer
coefficients for vapour phase and liquid phase respectively. The details of the model and flow

map may be found in [24-26]. The main two modifications are: (i) The nucleate boiling heat
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transfer coefficient hyy, is calculated with the Cheng et al. [24-26] nucleate boiling correlation for

COzi

hnb =131pr—0.0063 (_ k‘,’g10 b, )*0-55 M -o.sqo.ss (18)

(if) The Cheng et al. nucleate boiling heat transfer suppression factor S for CO; is applied to
reduce the nucleate boiling heat transfer contribution due to the thinning of the annular liquid

film:

Ifx<xpa S=1 (19)

£ X >, 321_1.14( Dy ][1_ﬁ) 20)

0.00753 S

Furthermore, if Deq > 7.53 mm, then set Deg = 7.53 mm.

The updated general CO, flow boiling heat transfer model by Cheng et al. was compared to
an extensive database [25, 26]. Just to show one example here, Figure 32(a) shows the
comparison of the predicted flow boiling heat transfer coefficients to the experimental data of
Yun et al. [100] and figure 27(b) shows the corresponding flow pattern map. The updated
general flow boiling heat transfer model not only captures the heat transfer trends well but also
predicts the experimental heat transfer data satisfactorily.

Figure 33 shows simulation of the updated flow pattern map and flow boiling model for CO,
at the indicated conditions, superimposed on the same graphs by Cheng et al. [104]. The process
path for the vapor quality variation from 0.01 to 0.99 is shown as the horizontal broken line
(dash-dot line) while the variation in the heat transfer coefficient as it changes vapor quality and
flow pattern is depicted by the dashed line. The flow pattern boundaries are in solid lines. The

line (dash line with arrows) indicates the calculated heat transfer coefficient at the indicated mass
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velocity and vapor quality. Notice the various changes in trends in the heat transfer coefficient as
this occurs. For example, when the flow regime passes from annular flow into the dryout regime,
there is a sharp inflection in the heat transfer coefficient as the top perimeter of the tube becomes
dry. As pointed out in the fore-going, relating heat transfer behaviors to the corresponding flow
regimes may be a better way to understand the flow boiling mechanisms and to develop new
prediction models for heat transfer. As already mentioned in section 4.3, the mechanistic heat
transfer models for both elongated bubbles and annular flow regime for microchannels have
shown reasonable good predictions for the database collecting from the literature. This is very
encouraging and promising. Further development of generalized heat transfer models is

recommended to improve the prediction accuracy.

4.5. Models of flow boiling heat transfer for specific flow regimes in microscale channels

Analytical models for flow boiling heat transfer based on specific flow patterns such as
elongated bubbles, bubbly flow and annular flow regimes etc. are needed in understanding the
theoretical basis of the flow boiling heat transfer but such models are still needed to be developed
so far.

There are several such models for elongated bubble flow and annular flow in the literature
[86-88, 95-98]. As already mentioned in the foregoing, Thome et al. [87] developed a micro-
scale model that describes the heat transfer processes during the cyclic passage of elongated
bubbles in a micro-scale channel. In this model, bubbles are assumed to nucleate and quickly
grow to the channel size upstream such that successive elongated bubbles are formed that are
confined radially by the tube wall and grow in length, trapping a thin film of liquid between the

bubble and the inner tube wall. The thickness of this film plays an important role in heat transfer.
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As shown in Fig. 26, at a fixed location, the process proceeds as follows: (i) a liquid slug passes
(without any entrained vapor bubbles, contrary to macroscale flows), (ii) an elongated bubble
passes (whose liquid film is formed from liquid removed from the liquid slug), and (iii) if the
thin evaporating film of the bubble dries out before the arrival of the next liquid slug, then a
vapour slug passes. A time-averaged local heat transfer coefficient is obtained during the cyclic
passage. Dupont et al. [88] compared the time averaged local heat transfer coefficient to the
experimental data taken from seven independent studies covering seven fluids including R-11, R-
12, R-113, R-123, R-134a, R-141b and CO,, covering tube diameters from 0.77 to 3.1 mm, mass
velocities from 50 to 564 kg/m?s, saturation pressures from 124 to 5766 kPa, heat fluxes from 5
to 178 kW/m?, and vapour qualities from 0.01 to 0.99. Their new three zone model predicts 67%
of the database to within +30%. The new model illustrates the importance of the strong cyclic
variation in the heat transfer coefficient and the strong dependency of heat transfer on the bubble
frequency, the minimum liquid film thickness at dryout and the liquid film formation thickness.
It should be mentioned here that quite different flow patterns such as bubbly flow, intermittent
flow and annular flow etc. may be relevant to their database. Only based on elongated bubble
flow considering the liquid film heat transfer does not really represent the actual mechanisms in
the database. In fact, their heat transfer model predicted an increase in heat transfer coefficient
with a decrease in diameter for low values of vapour quality and a decrease in heat transfer
coefficient for large vapour qualities as shown in Fig. 34. This may be the reason why their
model predicts 67% of the database, which is actually quite low. Furthermore, it only captures
part of the heat transfer mechanisms for the cases in their study. However, this is a very good
starting point to develop theoretical model for microchannel flow boiling. Their model includes a

simplified description of the dynamics of the formation and flow of the liquid film and the thin
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film evaporation process, taking into account the added mass transfer by breakup of the bridging
liquid slugs. Their new model has been confronted against experimental data taken within the
coalescing bubble flow mode that have been identified by a diabatic microscale flow pattern map
[94]. The comparisons for three different fluids (R-134a, R-236fa and R-245fa) gave
encouraging results with 83% of the database predicted within a £30% error band. Furthermore,
they have found that their new model is able to predict a ‘‘nucleate boiling curve” with an
exponent of 0.74 typical of numerous micro-channel flow boiling studies, thus suggesting film
evaporation as the controlling heat transfer mechanism rather than nucleate boiling. They
suggested film evaporation as the controlling heat transfer mechanism rather than nucleate
boiling in microchannel flow boiling. However, the experimental data have shown quite complex
heat transfer mechanisms. Furthermore, accurate flow pattern map for microchannel flow boiling
is needed to use their model. It is actually a big challenge as no universal flow pattern maps are
available to predict the flow patterns as pointed out by Cheng et al. [11].

Annular flow is a common flow pattern observed in microscale channel flow boiling.
Analytical model for annular flow may be developed from the mass, momentum and energy
conservation with the aid of some assumptions and empirical correlations for wall and interfacial
shear stress and droplets entrainment and deposition rates such as the study by Cheng [96].
Similarly, annular flow models for microchannel flow boiling have also been investigated by Qu
and Mudawar [97] and Kim and Midawaer [98]. These models have some theoretical basis.
However, in order to validate these models, a well-documented universal flow pattern map is
needed to segment the heat transfer data but a generalized flow pattern map is not yet available

[11, 37].
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Analytical models for flow boiling in microscale channels are very complex, and the
required assumptions to solve these models restrict the ability to capture the real physics of
boiling mechanisms. Also, most empirical correlations are not able to predict other experimental
data, even under a similar range of operating conditions where the correlations were obtained.
The complex nature of flow boiling in microscale channels such as liquid-vapour interactions,
bubble growth in the flow as well as in the thin liquid film make analytical or empirical models
of the two-phase flow a very difficult task. A serious need was felt to conduct a comprehensive
study of phase change phenomena in microscale channels to understand the fundamental
mechanisms involved in the boiling process before attempting any modeling. More accurate
models for the heat transfer coefficient will be obtained if the modeling efforts are concentrated
on each particular flow pattern [99]. Therefore, flow pattern maps with well-developed flow
patterns and transition lines may facilitate the modeling efforts but universal flow maps are not
available so far. Therefore, it is essential to further conduct systematic experimental research in
microchannel flow boiling to obtain the heat transfer and flow pattern data simultaneously to
provided good database. Furthermore, new heat transfer mechanisms should be developed based
on both heat transfer behaviors and the relevant flow patterns. Effort should be made to develop

universal flow boiling heat transfer models in future.

5. Unstable and transient flow boiling heat transfer in microscale channels

It is essential to understand the mechanisms of the unstable and transient flow boiling heat

transfer in microscale channels. Flow boiling and two phase instability in macrochannels are

divided into dynamic and static instabilities. For dynamic instability, it is related to pressure,
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mass flux and temperature. It is commonly recognized that three types of oscillations exist in two
phase flow and flow boiling in a macroscale channels: pressure drop oscillation, density wave
oscillation and thermal oscillation [109, 110]. These unstable behaviors may even cause
deterioration of heat transfer and thus cause dryout and boiling crisis which may occur in
subcooled conditions. In recent years, a great deal of attention has been paid to the investigation
of dynamic flow boiling instability in microchannel [48, 111-115]. These include both single and
parallel microchannels. Hetsroni et al. [113, 114] found that small pressure fluctuations in their
experiments of water boiling in 21 silicon triangular microchannels of a hydraulic diameter of
0.129 mm and observed periodic annular flow and periodic dry steam flow in the microchannel.
In fact, these unstable flow boiling phenomena are caused due to the confined flow regimes
changes, back flow and non-uniform flow and so on. For instance, Qu and Mudawar [47]
observed backflow as shown in Fig. 8. The inlet/outlet configuration may have a significant
effect of the unstable flow. Wang et al. [48] carried out simultaneous visualisation and
measurement study on the effects of inlet/outlet configuration on flow boiling instabilities in
parallel microchannel of a length of 30 mm and a hydraulic diameter of 0.186 mm. They found
fluctuation of temperature and oscillations in the microchannels which correspond to the unstable
flow regime and flow regime transition. Huang et al. [116] recently conducted experimental on
the thermal response of multi-microchannels during flow boiling of R236fa and R245fa under
transient heat loads with flow visualization. They investigated the base temperature response of
multi-microchannel evaporators under transient heat loads, including cold startups and periodic
step variations in heat flux using two different test sections for a wide variety of flow conditions.
The effects on the base temperature behavior of the test section, heat flux magnitude, mass flux,

inlet subcooling, outlet saturation temperature, and fluid were investigated. The transient base
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temperature response, monitored by an infrared (IR) camera, was recorded simultaneously with
the flow regime acquired by a high-speed video camera. For cold startups, it was found that
reducing the inlet orifice width, heat flux magnitude, inlet subcooling, and outlet saturation
temperature but increasing the mass flux decreased the maximum base temperature. Meanwhile,
the time required to initiate boiling increased with the inlet orifice width, mass flux, inlet
subcooling, and outlet saturation temperature but decreased with the heat flux magnitude. For
periodic variations in heat flux, the resulting base temperature was found to oscillate and then
damp out along the flow direction. Furthermore, the effects of mass flux and heat flux pulsation
period were insignificant. Figure 35 shows the effect of heat flux magnitudes on the thermal
response of micro-evaporators: (a) test section 1 and (b) test section 2. It is found that the
maximum base temperature increases with increasing heat flux from 14 to 30 W/cm? for test
section 1. Similar results are found for test section 2. Furthermore, the onset of flow boiling
occurred earlier for higher heat flux magnitude. According to their study, for transient cases with
a periodic variation in heat flux, the effects of mass flux and heat flux pulse period on the base
temperature response are shown to be insignificant within the current testing range. Independent
of the mass flux and heat flux pulse width, the temperature variation resulted from the periodic
change in heat flux was damped along the distance downstream. It should be mentioned here that
transient flow boiling heat transfer, as a special important topic, has not yet been well
understood. Therefore, systematic experimental, analytical and modelling studies of transient

flow boiling in microchannels are needed.

6. Concluding remarks and future Research recommendations
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A large number of studies on microchannel flow boiling heat transfer have been conducted
over the past years. Various heat transfer behaviours trends are available, which have been
mostly explained with the two flow boiling heat transfer mechanisms by different researchers.
However, the actual heat transfer mechanisms are much more complex than the two mechanisms
and should be well understood. Furthermore, a number of heat transfer models and correlations
have also been developed based on microchannel flow boiling experimental data. From the
analysis and comparison of the experimental data from different studies, it can be 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 the experimental database collected from the literature. No universal prediction
methods are available for microscale channel flow boiling heat transfer so far. Furthermore, the
available heat transfer correlations and models lack the heat transfer mechanism basis. The

below main issues have been identified in the available studies as:

Q) Big discrepancies among experimental results from different studies at similar
conditions have been found. Quite different heat transfer trends have been identified.

(i) The two main flow boiling heat transfer mechanisms in conventional channels are
generally used to explain the experimental results in microscale channels but some
anomaly trends cannot be reasonably explained.

(iii)  The existing correlations and models poorly predict the independent microchannel
flow boiling heat transfer data. The current prediction methods lack the heat transfer

mechanism basis. Reliable universal prediction methods are not available so far.
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(iv)  The flow pattern based heat transfer model for flow boiling in microchannel predict
the database reasonably well. However, mechanistic prediction methods and models
are needed to be well developed and improved.

(V) Relating the heat transfer behaviours to the corresponding flow regimes is a
promising methods to understand the heat transfer mechanisms and to develop new
prediction models for flow boiling covering both macroscale and microscale
channels.

(vi)  Systematic experimental, analytical and modelling studies of unstable and transient

flow boiling phenomena in microchannels should be focused on.

Therefore, as a priority, well performed and documented experimental studies on microscale
channel flow boiling are needed in future. Furthermore, experiments on two-phase flow and flow
boiling at a wide range of conditions should be conducted by considering the effect of channel
size on both heat transfer coefficients and the relevant flow patterns. Furthermore, flow pattern
visualization and transition criteria of two-phase flow and flow boiling of microscale channels
should be systematically investigated, which should be related to the flow boiling heat transfer
behaviors and mechanisms. Generalized heat transfer models should be targeted by incorporating
the flow boiling mechanisms, flow patterns, channel sizes and fluid properties etc. Development
of the theory of two-phase flow and flow boiling of microscale channels should also be focused
on by analyzing the heat transfer model for specific flow patterns as a starting point. This should
include a detailed study of the mechanisms of mass, momentum and heat transfer under
conditions of interaction of hydrodynamic and thermal effects and phase changes in microscale

channels. It is envisaged that a systematic research on two-phase flow and flow boiling in
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microscale channels will bring advancement of knowledge and new theory of two-phase flow
and flow boiling in microscale channels and meet the practical requirements in various industrial
applications. However, it is still a challenge to in microscale channel flow boiling field due to the
complexity and difficulty of two phase flow and flow boiling phenomena involved in microscale
channels. Efforts should be made to contribute to both experimental and theoretical studies in the
future. Furthermore, systematic studies of unstable and transient flow boiling phenomena in
microchannels should be conducted to provide comprehensive knowledge, theory and models in

this aspect.

Nomenclature

Acs cross sectional area, m?

Bd Bond number, defined by Eq. (4a), Eq. (18d) and Eq. (24e)
Bo boiling number, [g/(Gi)]

C  constant

Co confinement number

Cp specific heat at constant pressure, J/kgK
D characteristic number, defined by Eq. (4b)
Deq equivalent diameter, m

Dy internal tube hydraulic diameter, m

d  diameter, m

dp  bubble diameter, m

E  convective boiling heat transfer enhancement factor
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E’  convective boiling heat transfer enhancement factor
e entrained liquid droplet mass fraction

Fr  Froude number, [G%(p.%gDy)]

G total gas and liquid two-phase mass velocity, kg/m?s
g gravitational acceleration, 9.81 m/s

h  heat transfer coefficient, W/m?K

iy latent heat of evaporation, J/kg

J  superficial velocity, m/s

k  thermal conductivity, W/mK

L  Laplace number, defined by Eq. (1)

M Molecular weight

m  parameter defined by Eq. (27a)

Nu Nusselt number defined by Eq. (23)

n  parameter defined by Eq. (27b)

p  pressure, N/m?

pr  redcued pressure [p/Peri]

Pr; prandtl number, [z4Coi/ki]

q heat flux, W/m?

Re Renolds number

Rej, Reynolds number considering the total gas-liquid two phase flow as liquid flow

[GDn/(14)]
Re; Reynolds number considering only liquid phase flow [G(1-x)Dn/(z4)]

S nucleate suppression factor
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T  temperature, K

Tsat Saturation temperature, K

t time,s

V  velocity, m/s

V* dimensionless velocity

Wey liquid Weber number considering the total vapor-liquid flow as liquid flow
[G*Dw/(m0)]

We, gas phase Weber number [G*X*Dn/(py 0)]

We, gas phase Weber number [pJ,%d/o]

Xy Martinelli number, {[(1-x)/x)]1*°[ oo/ 01> [a/ 125]**}

X vapor quality

y* dimenisonless length

Z location

Greek symbols

o  film thickness, m

&  void fraction

o* dimensionless film thickness
¢2 two phase friction multiplier
u  dynamic viscosity, Ns/m?

p  density, kg/m®

Giry dry angle, rad

o surface tension, N/m
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T time, s, shear stress Pa

&  relative error defined by Eq. (16)

Subscripts

b bubble

CB-AF confined bubble to annular flow regime
c  core flow

crit critical

CS  cross sectiona

dry dry perimeter

end end

F  fluid

f frequency, Hz

fg, Iv latent
film liquid film
g gas phase

IA intermittent flow to annular flow transition

I liquid phase

If  liquid film

lo considering the total gas-liquid two phase flow as liquid flow
min minimum

nb nucleate boiling

p  constant pressure, pair
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pool pool boiling

ref reference

sat saturation

tp  two phase

v vapor phase

w  tube wall

wet wetted perimeter

& initial film thickness

0 initial
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Fig. 1. (a) Cross-section of computer chips with an evaporator by Schmidt and Notohardjono
[15]. (b) Schematic diagram of a silicon multi-microchannel evaporator used for chips cooling by
Cheng and Thome [16].

Fig. 2. Schematic of refrigeration components for electronic chips cooling by Schmidt and
Notohardjono [15].

Fig. 3. Comparisons of simulation results of base temperature of CO2 and R236fa at the
indicated conditions for chips cooling. [16].

Fig. 4. Comparison of various definitions of threshold diameters for micro-scale channels: (a)
Water, (b) CO,, by Cheng and Mewes [12].

Fig. 5. Transition from confined flow to unconfined flow using flow behaviours defined by
Harirchian and Garimella [22].

Fig. 6. Heat transfer coefficient h versus vapour quality x behaviours identified in the literature

[7]1.

Fig. 7. (a) Comparison of the experimental results of Bang and Choo [66] and Kim et al. [67];
(b) Comparison of the experimental results of Pamitran and Choi [58] and Yun et al. [68]
illustrated by Ribatski et al. in their review paper [7].

Fig. 8. Schematic representation of observed vapour backflow at high heat flux by Qu and
Mudawar [47].

Fig. 9. Arrangement of 8 parallel microchannels having the same length and identical trapezoidal
cross-sectional area and etched in a silicon substrate by Wang et al. [48].

Fig. 10. Photographs and sketch of flow patterns in steady bubbly/slug flow boiling regime in
parallel microchannels (D, = 186 pm) with the Type-C connection at q = 364.68 kW/m?, G =
124.03 kg/m? s and Tin = 35°C (i.e., e = 0.359) by Wang et al. [48].

Fig. 11. Photos of steady flow boiling patterns near outlet section of parallel microchannels (Dy, =
186 um) with the Type-C connection at q = 364.68 kW/m? and Ti, = 35°C: (a) G = 682.11 kg/m?
s (i.e., Xe = -0.034), (b) G = 471.32 kg/m? s (i.e., Xe = 0.005), (c) G = 156.04 kg/m? s (i.e., X =
0.26), by Wang et al. [48].

Fig. 12. Schematic of flow patterns and the corresponding heat transfer mechanisms and
qualitative variation of the heat transfer coefficients for flow boiling in a horizontal tube [33].

Fig. 13. Flow boiling data plotted versus vapour quality, Huo et al. [72].
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Fig. 14. Effect of heat flux (g) and mass flux (G) on heat transfer coefficient for three different
diameter tubes: (a) 3.1-mm-ID; (b) 1.12-mm-ID and (c) 0.51-mm-ID [61].

Fig. 15. The experimental heat transfer coefficients in the same literature showing different
results with a very little change of hydraulic diameters from 1.53 mm to 1.54 mm (Solid symbols
showing the experimental results of Yun et al. [100]: Dy = 1.53 mm, G = 300 kg/m?s, Tz = 5 °C
and q = 20 W/m? and hollow symbols showing the experimental results of Yun et al. al.: Dy =
1.54 mm, G = 300 kg/m?s, Tsx = 5 °C and q =20 W/m?.).

Fig. 16. The experimental heat transfer coefficients in the literature showing opposite behaviour
of heat transfer (Solid symbols showing the experimental results of Pettersen [101]: D, = 0.8
mm, G = 190 kg/m?s, Ts = 0 °C and g = 10 W/m?and hollow symbols showing the experimental
resultzs of Koyama et al. al. [102]: Dy = 1.8 mm, G = 260 kg/m?s, Ts = 0.26 °C and q =32.06
W/m<.).

Fig. 17. Effect of microchannel width on local heat transfer coefficient as a function of (a) wall
heat flux and (b) base heat flux. [65].

Fig. 18. Comparison of N; heat transfer coefficient data with the best predictive correlation (A)
Tran et al. [70]; (B) Li and Wu [58].

Fig. 19. Comparison of R12 heat transfer coefficient data with the best predictive correlation (A)
Saitoh et al. [61]; (B) Sun and Mishima [57].

Fig. 20. Comparison of R22 heat transfer coefficient data with the best predictive correlation (A)
Saitoh et al. [61]; (B) Kew and Cornwell [22].

Fig. 21. Comparison of of R134a heat transfer coefficient data to the best two correlations: (A)
Li and Wu [58]; (B) Sun and Mishima [57].

Fig. 22. Comparison of R141b heat transfer coefficient data with the best predictive correlation
(A) Saitoch et al. [61] ; (B) Sun and Mishima [57].

Fig. 23. Comparison of of R245fa heat transfer coefficient data to the best two correlations: (A)
Li and Wu [58]; (B) Chen [40].

Fig. 24. Comparison of R123 heat transfer coefficient data with the best predictive correlation:
(A) Zhang et al. [52]; (B) Li and Wu [58].

Fig. 25. Comparison 0fR410A heat transfer coefficient data to the best two correlations: (A) Kew
and Cornwell [20]; (B) Lazarek and Black [49].

Fig. 26. The Three-zone heat transfer model for elongated bubble flow regime in microscale

channels: diagram illustrating a triplet comprised of a liquid slug, an elongated bubble and a
vapour slug [87].
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Fig. 27. Annular flow model in tubes [106].

Fig. 28. Comparison of R134a heat transfer coefficient data by Wang et al. [64] to the Thome et
al. three zone heat transfer model [87]: 90.4% of the data are predicted by the model with £30%.

Fig. 29(a) Comparison of the whole R134a heat transfer coefficient data to the flow pattern based
model combining the three zone heat transfer model [87] with the unified annular flow heat
transfer model [106, 107].

Fig. 29(b) Comparison of the whole R234fa heat transfer coefficient data to the flow pattern
based heat transfer model combining the three zone heat transfer model [87] with the unified
annular flow heat transfer model [106, 107].

Fig. 29(c) Comparison of the whole R22 heat transfer coefficient data to the flow pattern based
heat transfer model combining the three zone heat transfer model [87] with the unified annular
flow heat transfer model [106, 107].

Fig. 30(a) Comparison of the R22 heat transfer coefficient data to the flow pattern based heat
transfer model combining the three zone heat transfer model [87] with the unified annular flow
heat transfer model [106, 107] at the conditions: mass flux G = 500 kg/m?s, heat flux q = 30
kW/m?, saturation temperature T = 10°C and tube diameter D = 3 mm.

Fig. 30(b) Comparison of the R123 heat transfer coefficient data to the flow pattern based heat
transfer model combining the three zone heat transfer model [87] with the unified annular flow
heat transfer model [106, 107] at the conditions: mass flux G = 314 kg/m?s, heat flux q = 15
KW/m?, saturation temperature Tgy = 49.3°C and tube diameter D = 0.19 mm.

Fig. 30(c) Comparison of the R134 heat transfer coefficient data to the flow pattern based heat
transfer model combining the three zone heat transfer model [87] with the unified annular flow
heat transfer model [106, 107] at the conditions: mass flux G = 676 kg/m?s, heat flux q = 35.1
kW/m?, saturation temperature T = 24.6°C and tube diameter D = 1.3 mm.

Fig. 30(d) Comparison of the R234fa heat transfer coefficient data to the flow pattern based heat
transfer model combining the three zone heat transfer model [87] with the unified annular flow
heat transfer model [106, 107] at the conditions: mass flux G = 300 kg/m?s, heat flux q = 10
KW/m?, saturation temperature Tg; = 31°C and tube diameter D = 2.3 mm.

Fig. 31. Schematic diagram of dry angle and physical model for flow boiling.

Fig. 32. (a) Comparison of the predicted heat transfer coefficients to the experimental data of
Yun et al. [103] at the test conditions: Deg = 2 mm, g = 30 KW/m?, Te = 5°C and G = 1500
kg/m?s; (b) The corresponding flow pattern map at the same test conditions.

Fig. 33. Simulation of flow boiling model and flow pattern map by Cheng et al. [104]: (a) For
1.15 mm channel at the conditions: g = 11 kW/m? Te: = 10°C and G = 300 kg/m?s with
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indicated value at x = 0.30; (b) For 3 mm channel at the conditions: q = 20 kW/m?, Ts = 10°C
and G = 390 kg/m?s with indicated value at x = 0.70.

Fig. 34. The predicted flow boiling heat transfer coefficient with the three-zone heat transfer
model versus vapor quality for different diameters (increment of 0.166 mm) [88].

Fig. 35 The Effect of heat flux magnitudes on the thermal response of micro-evaporators: (a) test
section 1 and (b) test section 2 by Huang et al. [116].
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Table 1 Selected studies on flow boiling heat transfer and mechanisms in microscale channels in

the literature.

Reference

Lazarek
Black [49]

Bao et al. [50]

and

Warrier et al. [51]

Qu and Mudawar

[60]

Lee and Mudawar

[53]

Saitoh et al. [61]

Fluid,

ranges G (kg/m?s),

g (Kw/m?),
(°C)/P (bar)

R-113,
G=125-750,
4=14-380,
P=1.3-4.1

R11/HCFC123,

G=50-1800,
g=5-200,
P=20-50

FC-84,
G=557-1600,
4=0-59.9,
T=26, 40, 60
Water,
G=135-402,
T=30, 60

R-134a,
G=127-654,
4=159-938,
T=-18.1-24.7

R-134a,
G=150-450,
g=5-39,
T=5, 10, 15

Parameter

Channel size Dy (mm),

Substrate, Geometry,)

Dy = 3.1 mm, Stainless

steel, circular, Vertical

Dn = 1.95 mm, copper,

circular. horizontal

Dhn = 075 mm, G-10

fibre glass,

5 parallel

rectangular, horizontal

Dy = 0.349 mm, Parallel
rectangular , horizontal
0.13 x 0.7 mm

Dh =
parallel
231um

horizontal

0.35,

x 713

copper,
rectangular

“m,

D,=0.51,1.12, 3.1,

circular, horizontal

Remarks

Nucleate boiling was dominant.
Heat transfer coefficient was
strongly dependent on heat flux
and independent of mass flux
and vapor quality.

Nucleate boiling was dominant.
Heat transfer coefficient was a
strong function of heat flux and
system pressure, less effects of
mass flux and vapor quality.
Heat transfer coefficient was
correlated as a function of

Boiling number alone.

Convective boiling was

dominant. Heat transfer
coefficient was dependent of
mass flux and vapor quality but
independent of heat flux.

A correlation with vapor quality
X in 3 regions: x < 0.05, 0.05 < x
< 055 and x > 0.55 was
developed.

Forced convective heat transfer

decreases with decreasing Dy,.
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Pamitran et
[54]

al.

Bertsch et al. [55,

62]

In and Jeong [63]

Ong and Thome

[56]

Wang et al. [64]

Tibirica
Ribatski [59]

and

R-410A,
G=300-600,
4=10-30,

T=10

R-134a,
G=20.3-81,
g=0-200,
P=4-75
R-134a, R123
G=314-470,
4=10-20,
P=1.58-2.08, 9-11
R134a,  R236a,
R245fa,  G=200-
1600, =2.3-250,
T=31

R134a,
G=310-860,
q=21-50,

P=0.65-0.75

R134a, R245fa
G=50-700,
g=5-55,

T=22, 31, 41

Dy, = 15 and 3.0 mm,
stainless steel, circular,

horizontal,

Dy = 1.09 mm, copper, 17
parallel rectangular,

horizontal

Dy = 0.19 mm, stainless

steel, circular, horizontal

Dy = 1.03 mm, stainless

steel, circular, horizontal,

Dy = 1.3 mm, stainless

steel, circular, horizontal

Dy, = 2.3 mm, stainless

steel, circular, horizontal

Nucleate boiling dominates at

low X region.

Heat tansfer coefficient varies

with X but not with Pgg.

Nucleate boiling dominates for
R-134a until its suppression at

high vapor quality.

Heat tarnsfer coefficient has a
strong function of heat flux and
mass flux.

Convection dominates at high
vapor quality in the annular
regime.

It demonstrates the
dependences of heat transfer
coefficient on mass flux, heat
flux, saturation pressure and
vapor quality.

Heat transfer coefficient is a
function of heat flux, mass flux
and vapor quality and generally
with

increases increasing

saturation temperature.
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Table 2 Selected flow boiling heat transfer models and correlations for microscale channels in

the literature.

Lazarek and Black [49] h, = 30Re% Boo™¢ K
p lo D

h

Kew and Cornwell [20] h, = 30Rel" Boo.714(1_x)70.143%

h

Tran et al. [70] o)

h, =8.4x10"° Bo“’\Ne,“['j
Pq
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. 9P,

Warrier et al. [51] h, = (1+ 680" +  (Bo)x’*y,
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Zhang et al [52] htp = Shpoc:l + Fhsp
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S =
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SaltOh et al [61] htp = Shpool + EhI
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Py
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et 8]
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B 20_ 0.5
oosf 2]
Sun and Mishima [57] 6ReL®Bo® K,
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tp WeIO 191 p|/pg .142 Dh

Li and Wu [58] P k.
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(9)
(9a)
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(11b)
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Table 3 Summary of the microscale channel flow boiling heat transfer database in the literature.

Reference Fluid, Parameter ranges: G Channel size Dy, (mm), Data Points
(kg/m?s), q (KW/m?), T Horizontally (unless
(°C) or P (kPa) otherwise stated)

Pamitran et al. [54] R-410A,
G=300-600, gq=10-30, Dy=1.5, 3.0, 147
T=10

Tibirica and Ribatski R134a, R245fa

[59] G=100-700, g=5-35, T=22, D, =2.3 136
31,41

Vlasie et al. [89] R134a, R12, R141b
G=63.1-212, =5-90, Dp=2.0, 2.46, 3.69, 166
T=5-32

Agostini and Bontemps R134a
Dh:2.01,
[90] G=219, q=29.049, _ 66
P= 452, 557, 608 Vertically

Yun etal. [91] R410A
G=200-400, g=10-20, T=0, D, =1.3644 113
5,10

Choi et al. [69] R-22, R134a,
G=200-600, g=10-40, T=10 Dy=1.5 3.0 335

Qietal. [92] N, i
G=448.4-1471.2, q:82.5- Dh—0.531, 0.834, 284

133.5, P=188-735.9 1.042,1.931

Bertsch et al. [62] R134a, R245fa

G=20-350, q=0-220, D;=0.54,1.09 183
T=8-30

In and Jeong [63] R123, R134a,
G=314, 392, 470, g=10-20, D,=0.19 217
T=158-1100



Shiferaw et al. [93]

Wang et al. [64]

R134a,
G=100-600, g=16-150,
P=600-1200

R134a,
G=310-860, g=21-50,
P=650-750

Dp=1.1

Dp=1.3

324

365
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Table 4 Test fluids and parameter ranges of the database.

Data points number 2336

Test fluids R410A, R141b, R134a, R245fa, R12,
R123, R22 and N;

Channel diameter 0.19 - 3.69 mm

Mass flux 20 - 1471.2 kg/m®s
Heat flux 5 150 kw/m®
Orientation Horizontal and vertical
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Table 5 Statistical analysis of the selected flow boiling heat transfer correlations for each
individual fluid and all fluids (relative error & within £30%).

Correlation\Fluid ~ R134a R245fa R12 ~ R22  R123 RI14lb R410A N,  Total
Chen [40] 405% 727% 57.4% 416% 36.6% 359% 46%  159%  35.2%
'[-4%2]”" and Black o600 08%  92.6% 69.0% 6.3% 66.7% 525%  25%  40.9%
E%‘i" and Comwell 5o 00 0896  026% 83206 161% 59.0% 56.8%  2.5%  46.3%
aulqgor'wmtem” 64.0% T711% 6L1% 257% 45% 7.7% 108% 5.6%  44.8%
Liu-Winterton [42] ~ 28.5%  39.7% 48.2% 70.8% 33.9% 718%  58%  447% 32.2%
Tran et al. [70] 182% 08% 55.6% 24.8% 00% 76.9% 21.6% 458% 22.5%
Warrieretal. [51]  12.8% 58%  0.0% 319% 24.1% 487% 6.6% 39.4% 16.9%
Zhangetal. [52] ~ 415% 66.1% 57.4% 425% 554% 43.6% 3.9%  148%  36.2%
Pamitran etal. [54]  48.9% 438% 352% 0.0% 7.1% 00%  483%  0.7%  36.7%
Saitohetal[61]  63.0% 653% 98.2% 87.6% 52.7% 87.2% 3.1%  37.0% 54.9%
[SE_;J?”] and Mishima e 100 08% 944% 76.1% 18.8% 79.5% 27.0% 46%  50.0%
LiandWu [58]  66.0% 76.0% 24.1% 35.4% 857% 7.7% 12% 68.3% 56.7%
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Table 6 Statistical analysis of the two mechanistic heat transfer models for each individual fluid
(relative error & within £30%).

Model\Fluid R134a R245fa R12 R22 R123  R141b R410A N,

Three  zone  heat
transfer model [87]
Flow pattern based
heat transfer model
combining the three
zone model and the
annular flow model
[106, 107]

48.3% 35.5% 27.8%  48.7% 0%  43.6% 1.2% 14.1%

69.1% 68.4% 444%  76.3% 64.3% 66.7% 5.4% 41.2%
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Fig. 1.(a) Cross-section of computer chips with an evaporator by Schmidt and Notohardjono
[15]. (b) Schematic diagram of a silicon multi-microchannel evaporator used for chips cooling by

Cheng and Thome [16].
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Fig. 2. Schematic of refrigeration components for electronic chips cooling by Schmidt and

Notohardjono [15].
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Fig. 4. Comparison of various definitions of threshold diameters for micro-scale channels: (a)

Water, (b) CO,, by Cheng and Mewes [12].
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Fig. 5. Transition from confined flow to unconfined flow using flow behaviours defined by

Harirchian and Garimella [22].

95



QX1 Qx2 QX3 X1
— |\
\‘k \

q q q

GX1 GX2 GX3 X2
\ /

Fig. 6. Heat transfer coefficient h versus vapour quality x behaviours identified in the literature

[7]1.

96



<
o R22 hd
E .
z 6 ]
—~ Kim et al. A
€
g * A
2
© 4- J
3 * A
@
b7 A Bang and Choo
§ 2- O O © © © 8 © ©
= o
®
)
=
O | | 1 n 1 "
0.0 02 04 0.6 0.8 1.0

vapor quality (-)
O G=600 kg/m’ s; T.,,=9.5°C; =10 kW/m"; D,=1.67 mm
A G=400 kgim” s; T,,=5°C; g=5 kW/m”; D,=1.41 mm
® G=600 kg/m” s; T.,=15°C; g=10 kW/m’; D,=1.41 mm

(a)
18 .
< . R410A A
e 1o] v _
i r Yun et al‘. **
= 12- vv' . 1
) vV . ]
o v v
£ gl v ¢ ]
¢§ v se® ¢
‘B [ O L7 a0 O i __
= LA A &, Pamitran and Choi
s O
= 3+ A 1
m a
o
g [ ZA O
0 Il 1 Il 1
0.0 0.2 0.4 0.6 0.8 1.0

vapor quality (-)
0 G=300kg/m’” s; T_,=10 °C; =10 kW/m’; D,=1 54mm
A G=400kg/m” s; T_=10°C; =15 kW/m’; D,=1.54mm
& G=300kg/m” s; T_,=5 °C; ¢=10KW/m*; D,=1.4mm
¥ G=300kg/m" s; T, =10 °C; g=15 KW/m’;D,=1.4 mm

sat

(b)
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Fig. 8. Schematic representation of observed vapour backflow at high heat flux by Qu and

Mudawar [47].
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Fig. 9. Arrangement of 8 parallel microchannels having the same length and identical trapezoidal

cross-sectional area and etched in a silicon substrate by Wang et al. [48].
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( i) isolated bubbles (ii) bubble coalescence >

(iii) elongated bubbles (iv) annular flow
(a) Photos of steady flow boiling pattern in parallel microchannels with the Type-C connection

(b) Sketch of steady flow boiling pattern in microchannels with the Type-C connection

Fig. 10. Photographs and sketch of flow patterns in steady bubbly/slug flow boiling regime in
parallel microchannels (D, = 186 pm) with the Type-C connection at q = 364.68 kW/m?, G =

124.03 kg/m? s and Tin = 35°C (i.e., e = 0.359) by Wang et al. [48].
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(i) t=0ms

(ii) t = 3.46 ms

(iii) t = 24.58 ms

(iv)t=3.8 ms (iv)t=6.5 ms (iv) t =65.93 ms
(a) xe =-0.034 (b) xe = 0.005 (c) xe =0.26

Fig. 11. Photos of steady flow boiling patterns near outlet section of parallel microchannels (Dy, =
186 um) with the Type-C connection at q = 364.68 kW/m? and Ti, = 35°C: (a) G = 682.11 kg/m?
s (i.e., Xe = -0.034), (b) G = 471.32 kg/m? s (i.e., X, = 0.005), (c) G = 156.04 kg/m® s (i.e., Xe =

0.26), by Wang et al. [48].
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Fig. 12. Schematic of flow patterns and the corresponding heat transfer mechanisms and

qualitative variation of the heat transfer coefficients for flow boiling in a horizontal tube [33].
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Fig. 30(b) Comparison of the R123 heat transfer coefficient data to the flow pattern based heat
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Fig. 30(c) Comparison of the R134 heat transfer coefficient data to the flow pattern based heat
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Fig. 30(d) Comparison of the R234fa heat transfer coefficient data to the flow pattern based heat
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Fig. 31. Schematic diagram of dry angle and physical model for flow boiling.
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Fig. 32. (a) Comparison of the predicted heat transfer coefficients to the experimental data of

Yun et al. [103] at the test conditions: Deg = 2 mm, g = 30 KW/m?, Tsat = 5°C and G = 1500

kg/m?s; (b) The corresponding flow pattern map at the same test conditions.
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Fig. 33. Simulation of flow boiling model and flow pattern map by Cheng et al. [104]: (a) For
1.15 mm channel at the conditions: g = 11 kW/m? T = 10°C and G = 300 kg/m’s with
indicated value at x = 0.30; (b) For 3 mm channel at the conditions: q = 20 kW/m?, Te = 10°C

and G = 390 kg/m?s with indicated value at x = 0.70.

128



12000+ | | 4 -0s .
NSEEE === d__=05mm
1 ‘.‘#E;sg\ ' _ d::=2mm
! [
socoof {11 ' _
'_r"‘\- I: h“:“'\-\.
J:‘ ‘: i “"-...,_\_‘ J.
o aonn-.' : e 1
E ' : iy SN,
E, IE I J,.f'Jr T
5 ocolilllll |
i
g !
£ am00lg | 1
2000 E I =1 = - =2 )
| | R123-P_ =350 kPa, G =120 kg.s™.m?, q= 100 kW.m
0 ! | i 1 i L i | |
0 o1 02 03 04 05 08 07 08 08 1

Vapor guality ( )

Fig. 34. The predicted flow boiling heat transfer coefficient with the three-zone heat transfer

model versus vapor quality for different diameters (increment of 0.166 mm) [88].

129



(00}
o

) —q=0-14 Wem™
i -'='q=0-20 Wem™
70 i [ = = -2
" g =0-30 Wem
'i’l
Sl
- 60r | ¢
I
o |l
3 ry
c 50 oo i
b b 11
s i
' o prvsnsEsERsevEssssrecEssasibesassunsave
% 40t eGSR M
30} OC: G = 1500 kgm™2s ™", ]
ATsub =5.5K, Tsat = 31.5°C,
in TS1 of fluid R236fa
20 . . . . : .
0 5| 10 15 200 25 30 35
Time (s)
(a)
80 - -
—qg=0-14 Wem™
== q=0-20 Wem
0o - - - g = 0-30 Wom 7
h
5eol -
2 60 i 1 :
I
(] !
5 1
E 50 |_'=
B i
8 '
1 I T et L
a0l OC: G = 1500 kgm2s™", 1
ATsub =5.5 K, Tsat = 31.5°C,
in TS2 of fluid R236fa.
20 : . . ' : .
0 5 10 15 20 25 30 35
Time (s)
(b)

Fig. 35 The Effect of heat flux magnitudes on the thermal response of micro-evaporators: (a) test

section 1 and (b) test section 2 by Huang et al. [116].
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