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Abstract

Semi-analytical Modeling Approach for Flow Boiling Heat Transfer in Uniformly

Heated Horizontal Micro-channels

Amen Mansour Youns, Ph.D.

Concordia University, 2016

Two-phase flow boiling in mini/micro-channels is an essential topic for studying and
developing miniature cooling systems which have a wide range of industrial, automotive,
nuclear, and aerospace applications, since they insure providing higher heat dissipation and
ability to work at surface temperature higher than those provided by conventional channel sizes.
Therefore, it has ganed much more attention recently and several extensive studies have been
carried out for predicting the essential design parameters such as heat transfer coeflicient,
pressure drop, void fraction, and critical heat flux. However, most of the available predictive
methods are mainly empirical correlations and few analytical models. Moreover, several
essential and fundamental flow boiling phenomena, such as heat transfer mechanisms, liquid film

dry-out, and bubble dynamics, are still unclear and need to be mvestigated and clarified.

The main objective of the present thesis is to investigate the characteristics of two basic
flow patterns, namely, annular flow and slug flow for flow boiling in a single horizontal
mini/micro-channel under uniform distribution of heat flux. A one-dimensional semi-analytical
model has been developed based on the principle of the separated flow model. It predicts heat
transfer coefficient, pressure drop, void fraction, and critical heat flux in the annular flow regime,
which is usually observed at medium and high vapor qualities. The basic model equations are
derived by applying the mass, momentum, and energy equations for each phase. The obtained
equations are initial value differential equations, which are solved numerically by Runge-Kutta
methods. Furthermore, the influences of interfacial parameters on the main dependent variables
have been addressed. Liquid film, trapped between the vapor core and tube inner surface in the

annular flow regime, is an essential parameter since the evaporation of liquid film is the



dominant heat transfer mechanism in this regime and the critical heat fix (CHF) is identified
based on the dry-out of the liquid film. Therefore, the liquid film was fairly predicted, to estimate
heat transfer coeflicient and CHF in annular flow regime. Moreover, a semi-analytical model for
slug flow has been developed based on the principle of drift flux model to mnvestigate the
characteristics of slug flow pattern such as bubble velocity, bubble length, liquid slug velocity,
liquid slug length, and bubble frequency.

The effects of working fluid properties, mass flux, heat flux, and channel size on the
modeled parameters have been taken ito account. As a result, it has been found that in the
annular flow regime, the CHF increases with the mass flux and channel size, while it is inversely
proportional to the critical vapor quality. Furthermore, the results of two-phase flow boiling heat
transfer coefficient showed that heat transfer coefficient increases with mass flux and vapor
quality, while it decreases when the channel size increases. Regarding the pressure drop results,
it has been observed that the pressure drop is inversely proportional to the channel size, and
increases with the mass flux and vapor quality. Additionally, it has been shown that void fraction
increases with vapor quality and decreases with channel size. Also, the bubble frequency in slug
flow regime has been predicted, and it is shown that the bubble frequency increases with vapor
quality and mass flux. Furthermore, it has been noticed that the peak of the bubble frequency

increases with mass flux.

The proposed flow boiling models have been validated against extensive two-phase
experimental data in literature for the critical heat flux CHF, heat transfer coefficient htp,
pressure drop Ap,,,, and void fraction a, respectively, for different working fluids (Water, CO2,
LN2, FC72, R134a, R1234ze, R245f2, R236fa, R410a, and R113) in horizontal micro-channels
with a range of hydraulic diameters of 0.244 < D, < 3.1 mm, and a range of the Reynolds
numbers of 1,900 < Re,, < 48,000. The annular flow model predicted the tested experimental
data of the CHF, htp, Ap.,, and a, with mean absolute error of 20%, 18%, 23%, and 3%,
respectively. Furthermore, a good agreement with the experimental data of bubble lengths and
bubble frequency has been obtained with MAE of 27.83% and 29.55 %, respectively.
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Chapter 1

1. Introduction

The demand of heat removing, from high heat flux devices, has led to a search for an
alternative, attractive, and effective cooling system compared to those obtained from
conventional ones, which is likely to be available in flow boiling mini/micro-channels. In other
words, employing two-phase flow boiling micro-channels insures providing higher heat
dissipation, higher heat transfer coefficient, and ability of the channel to be employed at surface
temperature higher than those provided by single-phase micro-channels. Therefore, two-phase
flow boiling i micro-channels has become a very significant and an essential topic for studying
and developing miniature cooling systems which have a wide range of industrial, automotive,
nuclear, and aerospace applications (e.g cooling turbine blades, cooling concentrated photo
voltaic cells (CPVs), automotive micro-channel heat exchangers, ... etc. ).

By reviewing the available literature for flow boiling in micro-channels, it can be noted
that three main important parameters of two-phase flow boiling have been focused on how to
understand and clarify the essential flow boiling phenomena in micro-channels. These
parameters are two-phase heat transfer coeflicient, two-phase pressure drop, and critical heat flux
(CHF). Knowing the heat transfer coeflicient is very crucial to determine the thermal capacity of
the micro-channel based on the required application. Moreover, knowing two-phase pressure
drop is very important to calculate the pumping power and consequently to choose the proper
pumping system. Regards to the predicting CHF, it is of importance in order to avoid the device
overheating and damaging.

Two-phase flow in micro-channels can be classified based on several aspects into several

branches. For instance, based on the number of channels: two-phase flow can be classified as:



single micro-channel, and multiple micro-channel. Moreover, in terms of flow orientation, the
two-phase flow can be subdevided mto vertical, horizontal, and inclined. According to the
working conditions, two-phase flow can be classified as adiabatic two-phase flow and diabatic
two-phase flow. Furthermore, it can be subdivided into subcooling and saturated two-phase flow
based on the inlet conditions of the working fluid. Based on the distribution of applied heat flux,
the two-phase flow boiling micro-channels can be subdivided into two-phase flow boiling with
uniform and non-uniform heat flux. In the present research, the work is focused on saturated
two-phase flow boiling in a single horizontal circular micro-channel subjected to a uniform heat
flux.

Although several extensive studies have been carried out on two phase flow
mini/micro-channels either experimentally (e.g, Tran et al. [1]; Zhang et al. [2]; Revellin and
Thome [3]; Zhao and Bansal [4]; Fan and Hassan [5, 6] ; Lim et al. [7]) , or analytically (e.g,
Moriyama et al. [8]; Kandlikar [9]; Elazhary and Soliman [10]; Kim and Mudawar [11];
Megahed and Hassan [12]), many essential flow boiling phenomena (e.g. dominant heat transfer
mechanism, onset of dry-out, bubble confinement and coalescence, liquid film behaviour, etc ...
) are still unclear and need to be investigated and clarified. Additionally, one of the challenges
that have been encountered in such area of research is getting a reliable predictive method either
for heat transfer flow boiling, pressure drop, CHF, or void fraction that can accurately predict the

flow boiling heat transfer characteristics under different working conditions.
1.1. Motivation

Microelectronic chips have many applications (e.g., Micro-Electro-Mechanical Systems
MEMS, and very large scale integration circuits, VLSI... etc.). In recent years, there has been a
tremendous increase in using microelectronics either in aerospace or industrial applications.
Achieving high performance is a key factor for employing microelectronics, and to achieve this,
the generated heat flux through the chips needs to be dissipated. As a result, a proper cooling
system is required. By reviewing the literature, one can see that there have been a few cooling
systems that may be used for cooling microelectronics (e.g., air-cooled systems, liquid-cooled
systems, two-phase cooling systems ... etc.). Additionally, it has been known that these various

cooling systems have different cooling performances and limits. For instance, air-cooling micro-



channels can dissipate high heat flux up to 80 W/cm’ as addressed by Kandlkar [13]. On the
other hand, in 1981, Tuckerman and Pease [14] proved that a very compact water-cooled heat
sink was able to dissipate around 790 W/cm® with a maximum substrate temperature of 70 C.
Colgan et al. [15] indicated that a single-phase micro-channel heat sink is able to disspate heat
fluxes up to 400 W/en?’. Kandlikar [13] revealed that flow boiling in micro-channel would be

anticipated in much higher thermal performance than single phase micro-channel heat sinks.

Among the available cooling methods, it has been promised that two-phase micro-
channel heat sinks, effectively and efliciently dissipate the generated heat from micro-electronics
(e.g., Tran et al [16]; Kandlkar and Grande [17]; Kandlkar [13]). Consequently, many
experimental mvestigations for studying two-phase flow i micro-channels have been carried out
in the last three decades for pool boiling (e.g., Kandlikar [9]; Cooke and Kandlikar [18]; Zhao
[19]; Piasecka [20]) , for mini/micro-channels, and for flow boiling in mini/micro-channels (e.g.,
Bao et al. [21]; Lee and Lee [22]; Liu and Garimella [23]; Huh et al. [24]; Bertsch et al. [25];
Bortolin et al. [26]; Yang et al. [27]). On the other hand, the analytical work conducted in this
topic, particularly for flow boiling n micro-channels, is very limited and madequate to explore

the characteristics of two-phase flow boiling in micro-channel.

It has been reported that most of conventional two-phase correlations (e.g. Sani [28];
Eckels and Pate [29]; Hambraeus [30]; Zurcher et al. [31]; Oh et al. [32]; Lima et al. [33]) are not
applicable to two-phase flow boiling in micro-channels, due to the size effect on the flow pattern
and flow boiling characteristics. Furthermore, even those correlations performed for mini/micro-
channels (e.g. Tran et al. [1]; Zhang et al. [34]; Revellin and Thome [3]; Zhao and Bansal [4];
Fan and Hassan [5, 6]; Lim et al. [7]) are limited for specific working conditions. Furthermore,
vapor quality is one of the most important parameters which has been employed extensively for
mvestigating two-phase flow boiling. The evidence from the available literature shows that the
two-phase flow boiling heat transfer coefficient is influenced significantly by the vapor quality
with a discrepant tendency. The reason for this discrepancy is related to the adopted heat transfer
mechanism which is affected by the flow pattern regime, or the chosen correlations which may
not be applicable for the real conditions. Thus, more mvestigations for flow boiling in micro-

channels would help for developing a reliable general flow boiling heat transfer model that is



applicable to different flow pattern regimes and wider range of operating conditions and working

fluids.

Liquid film plays a significant role for developing flow boiling heat transfer models for
slig and annular flow regimes. In other words, for flow boilng in mini/micro-channels,
predicting the liquid film variation and employing the critical liquid film thickness concept are
key parameters for predicting local two-phase heat transfer coeflicient and critical heat flux
(CHF) respectively. Although several relevant investigations have been conducted for measuring
and predicting liquid film thickness (e.g. Irandoust and Andersson [35]; Fukano and Kariyasaki
[36]; Saitoh et al. [37]; Revelln et al. [38]; Ong and Thome [39]; Han et al. [40, 41]), the
applicability of proposed correlations is either limited to a specific working fluid or certain
channel geometry and working conditions. Consequently, further analytical and experimental
studies would allow for better understanding of liquid film evaporation behavior and are strongly

recommended to be carried out for a wide range of operating conditions and working fluids.

Studying the CHF analytically may help avoid the tremendous cost of CHF experimental
test, particularly those related to the nuclear reactors. For instance, according to Pioro et al. [42]
(1999), the cost of CHF experimental tests for nuclear reactors for the period 1980-1999 only in
Canada was about $30.0 million. Furthermore, prediction of CHF is a crucial criterion for
estimating the thermal capacity of the mini/micro-channel heat sinks, and an essential design
parameter that helps avoiding the damage of the mini/micro-channel heat sinks. Consequently,
several experimental investigations for CHF have been performed recently for flow boiling in
mini/micro-channels (e.g. Pioro et al. [42]; Qu and Mudawar [43]; Zhang et al. [44]; Wojtan et
al. [45]; Qi et al. [46]; Kosar et al. [47]; Basu et al. [48]; Hsieh and Lin [49]; Tibirica et al. [50];
Kaya et al. [51]), and as a result, many experimental data sets and empirical correlations are
collected and proposed for specific working conditions. On the other hand, only few semi-
analytical saturated CHF models for flow boiling n micro-channels have been developed (e.g
Kandlikar [9]; Revellin and Thome [52]; Du et al. [53]). Since it is of importance to have a
reliable CHF prediction model that can be applicable to a wide range of operating conditions and
cover wider design parameters, extra efforts in analytical modeling for saturated CHF for flow

boiling in micro-channels are needed.



1.2. Objectives and Organization

The main objective of this thesis is to investigate the characteristics of two-phase flow boiling in
annular and slug flow regimes, and to provide a reliable predictive method for predicting the
critical heat flux, heat transfer coeflicient, pressure drop, and void fraction in horizontal micro-
tubes under uniform heat flux. This has been done through achieving the following consecutive

sub-objectives:

1. Developing a semi-analytical model for predicting the liquid film thickness in annular
flow regime during two-phase flow boiling in a horizontal micro-tube. This stage was
essential to study the incipience of the dry-out phenomenon and to predict the critical heat
flux.

2. Developing a model to predict the two-phase heat transfer coeflicient, pressure drop, and
void fraction in annular flow regime. Effects of phasic enthalpies, viscous force, inertial
force, and liquid film evaporation were considered in modeling. Following, the influence
of the main operating conditions, working fluid properties, and channel size on the model
results, were investigated.

3. Developing a semi-analytical model to study the bubble dynamics, bubble length, and
bubble frequency in the slug flow regime based on the drift flux model, for a better
understanding of flow boiling phenomena in mini/micro-channels. Extensive experimental

data available i literature was used for validation of the developed models.

The thesis has been written in the format of manuscript-based-thesis and consists of six chapters.
A detailed literature review has been provided in chapter 2 for two-phase flow in single
horizontal mini/micro-channel for both adiabatic and diabatic conditions. The mamn objectives of
the present work have been listed above for reader convenience, and repeated at the end of
chapter 2. Investigation of critical heat flux (CHF) for flow boiling in a single horizontal
mini/micro-tube subjected to a uniform heat flux is presented in chapter 3. Predictions of heat
transfer coefficient, pressure drop, and void fraction have been studied and presented in chapter
4. The main characteristics of slug flow have been nvestigated and presented in chapter 5. The
summary of this work and recommendations for further researches needed for flow boiling in

mini/micro-channels have been provided in chapter 6.
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Chapter 2

2. Literature Review

The aim of this chapter is to review the literature on two-phase flow boiling in mini/micro-
channels, and address the essential aspects that should be focused on for better realizing and
understanding of flow boiling phenomena i mini/micro-channels (e.g., micro-scale channel,
basic flow patterns, flow pattern maps, two-phase heat transfer coefficient, two-phase pressure

drop, critical heat flux, ... etc. ).

2.1. Two-Phase Flow and Associated Dimensionless

Groups

In order to study flow boiling in micro-channels, a simple way is used for describing the
level of influence of the various essential parameters either if they are force terms or energy
terms. Thus, it is crucial to identify some most common dimensionless group, used for two-phase
flow boilng n micro-channels. Table (A-1) shows the essential dimensionless groups for two-
phase flow in horizontal minin/micro-channels which are presented in the literature (e.g
Irandoust and Andersson [35]; Chen [54]; Akers et al. [55]; Rohsenow [56]; Wu et al. [57]; Ozawa et
al. [58]; Li et al. [59]; Kandlikar [60]; Ducoulombier et al. [61]; Baba et al. [62]; Bretherton [63]; Shedd
and Newell [64]; Han and Shikazono [65]; Harirchian and Garimella [66]).



2.2. Channel Classification Criteria

In the literature on two phase micro-channel, the relative importance of the criterion used
to define the word “micro” has been a subject of considerable discussion. Furthermore, the size
effect is one of the challenges faced in studying two-phase flow boiling. Additionally, it has been
revealed in previous studies that two-phase flow boiling correlations and models developed for
conventional-scale channels may not be applicable for micro-scale channels. Therefore, several
studies have been carried out for clarifying the criteria that identify scale transition (e.g. Ong and
Thome [39]; Kew and Cornwell [67]; Harirchian and Garimella [66]; Suo and Griffith [68];
Brauner and Maron [69]; Triplett et al. [70]; Mehendale et al. [71]; Kandlikar [72]; Cheng and
Wu [73]; Li and Wu [74]; Revelln and Thome [75]). Table 2-1) shows different criteria which

have been reported in the literature for channel classifications.



Table 2-1): Shows different criteria used for channel classifications.

Author(s) Criterion Classification Notes
Suo and Griffith [68] ) Capillary slug flow: The authors suggested the gravity effect is neglected and
Q = pegD*/40 the flow is as capillary sluig flow at this critical value.
01<0.22
Brauner and Maron [69] Small pipe: They reported that the stratified flow pattern disappeared
(2m)20 when surface tension overcomes the gravity and the
— 7 5 bubble confined in the pipe. A pipe with a diameter less
9 (pf _pg)D (2m)°o >1 than critical bubble radius can be considered as a small
9(ps —py)D? pipe.
Kew and Cormwell [67] Small pipe: They revealed that confinement phenomenon plays
Co significant role for boiling in small hydraulic channeld
Co=>05 when confinement number Co = 0.5.
Triplett et al. [70] Micro-scale size: They addressed two-phase flow patterns m capillary
Co tubes. They defined micro-channel size as those channels
Co=1.0 that have Confinement number greater than one Co = 1.0.
Mehendale et al. [71] Micro-scale size: They studied two-phase heat transfer in micro/meso-
channels and classified heat exchangers into four main
1 pm < Dy, <100 pm categories.
Miso scale size:
100 yum< D, < 1 mm
Dy,

Compact scale size:

1mm<D, <6mm

Conventional scale size:

6 mm< D,




Kandlikar [72]

Micro-scale size:

10 pm < Dy, < 200 pm

Mini-scale size:

He considered 200 wm is the critical size in two-phase
flow, and presented channel classification criteria based
on gas flow consideration.

Dy,
200 um< D, < 3 mm
Conventional-scale size:
D, >3 mm
Cheng and Wu [73 Micro-scale size: They discussed basic phase change heat transfer
4 y p 2
B 0.05 phenomena and classified the channels based on the ratio
0<0. between buoyancy and surface tension forces.
Meso/Mini-scale size:
Bo
0.05<Bo<3.0
Macro-scale size:
Bo > 3.0
Li and Wu [74] Micro/Mii-scale size: |[They mtroduced a new criterion to distinguish between
05 two-phase flow in conventional scale and micro-mini
N Bo.Re” = 200 scale channels taking into account the influences of four
conf. Conventional-scale size: basic forces, gravitational, surface tension, viscous, and
mertial forces.
Bo.Rel® > 200
Harirchian and Garimella N Micro-scale size: A new transition criterion for distinguishing between

[66]

Bo.Ref® < 160

macro and micro-channels for flow boiling in multiple

micro-channel 1 terms of “convective confinement
number”’,




2.3. Dominant Forces and Scale Size Effect

There is evidence that the channel size and orientation affect the domination of various
basic forces for two-phase flow boiling in mini/micro-channels. Moreover, some previous two-
phase flow studies have reported that hydraulic diameter, and basic forces in flow boiling such as
surface tension, viscous, inertia, and momentum change of evaporation have significant effects

on both flow patterns and heat transfer characteristics in micro-channels, Kandlikar [72, 60].

Soliman [76] studied the effects of transition from mist to annular flow regime on heat
transfer coeflicient for condensation in horizontal tubes. He classified the forces acting on the
two-phase flow nto dominant destructive forces which are represented by the mertia force of the
vapor phase, and stabilizing forces which are represented by the surface tension and liquid
viscous forces. Moreover, he proposed a transition criterion for defining the transition from mist
to annular flow in terms of a modified Weber number based on the force balance between the

above mentioned forces.

Kandlikar [9] developed a theoretical CHF model for pool boiling on the upward-facing
surface based on the force balance of a departure bubble. It has been reported that at the onset of
the CHF, the force of the momentum due to evaporation is larger than the effects of buoyancy
force together with the surface tension force. Moreover, Kandlikar [13] performed a scale
analysis to investigate the effects of various forces, to estimate flow pattern transitions, and flow
stability for flow boiling of water and FC72. It has been revealed that five main forces, namely,
surface tension, viscous shear, inertia, evaporation momentum, and gravity forces play
significant role for flow boiling in mini/micro-channels. Additionally, it has been pointed out
that momentum change of evaporation and surface tension forces are dominant and significantly

influence flow boiling characteristics, mainly for small channel size as shown in Figure 2-1.

Furthermore, buoyant and drag forces play essential roles for vertical flow boiling,
particularly for studying bubble dynamics and its effects on heat transfer and pressure drop. Lee
and Mudawar [77] developed a mechanistic model for predicting critical heat flux (CHF) for
turbulent flow boiling in vertical mini/small tubes. They predicted the elongated bubble velocity
and liquid film thickness trapped between the elongated bubble and the wall based on the force

10



balance between buoyancy and drag forces, and considering the influence of the lateral force

which was created due to the bubble rotation.
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Figure 2-1 : Shows the effects of tube size on different forces for flow boiling of water at G=200
|[kg/m?.s] and q;, = 1000 kW / m? , (Kandlikar [13])

Kandlikar [72] revealed that as the channel size decreases, some parameters become
more significant. For instance, the change of momentum of evaporation, which affects the bubble
departure and growth diameter and consequently the confinement phenomenon and flow
patterns, becomes more important in small channels. Moreover, the significant effect of inner
wall roughness related to pressure drop estimation becomes very crucial as the channel size
decreases. Furthermore, Kandlikar [60] analyzed the basic forces influencing the flow boiling
features for flow boiling in micro-channels and proposed two dimensionless groups, K; and K,.
K, is defined as the ratio between the momentum evaporation and mertia forces, whie K, is
defined as the ratio between the momentum evaporation and surface tension forces. It has been

reported that higher values of K; indicates the dommance of momentum evaporation force which
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influences the mterface movements, while K, controls the movement of the mterphase at the
contact line, yet the contact angle was not included i the definition of the dimensionless
group K,. Overall, the proposed two dimensionless groups were mntroduced to be mmplanted in
predicting CHF.

Shikazono and Han [78] ivestigated the liquid film thickness for flow boiling n annular
flow regime considering the effects of viscous, surface tension, and mnertial forces, as well as the
channel size and geometry in micro-scale two-phase flow. It has been found that in flow boiling
micro-scale, in addition to viscous and surface tension forces, inertial force has a significant
effect on liquid film thickness even at lammar flow, and should be considered for future
developed two-phase flow liquid film correlations. Based on the flow visualization and
measurement of the liquid film thickness for flow boiling of R134a, R236fa, and R245fa, in
horizontal mini-tubes with a range of mner diameter of 0.50 < D, < 3.04 mm , Ong and
Thome [39] revealed that the effects of gravity force are insignificant, while the surface tension
and shear forces are dominant for Co = 1.0. In other words, the gravity force effects decrease by
decreasing the channel diameter. Moreover, in terms of void fraction, it has been reported that as
the void fraction increases, the effects of surface tension and gravity forces decrease while the
effects of shear forces become more significant and dommant. Additionally, the effect of gravity

force is still significant for Co < 0.34.

2.4. Flow Patterns and Flow Pattern Maps

Identifying the flow pattern and developing a reliable flow pattern map is very significant
for predicting transition boundaries of the flow patterns. Therefore, several studies have been
done for mnvestigating flow pattern and flow pattern maps in mini/micro-channels (e.g. Kandlikar
[72]; Garimella et al. [79]; Revellin and Thome [75]; Saisorn and Wongwises [80]; Karayiannis
et al. [81]; Alexeyev et al. [82]; Kattan et al. [83]; Coleman and Garimella [84]; Yang and Shich

[85]), for different working fluids, channel sizes, channel orientation, and working conditions.

An excellent analysis and experimental investigation of two-phase capillary flow n
horizontal mmi/micro tubes were performed by Suo and Griffith [68]. They nvestigated two-
phase flow of various working fluids, (Water-air, Water-N2, N-Heptane-N2, N-Heptane-He, and
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N-Octane-N2), through 0.514, and 0.795 mm inner diameter single horizontal mini/micro-tubes.
Three main flow pattern have been observed, namely, slug flow, bubbly-slug (where the bubble
tail is broken up into smaller bubbles), and annular flow patterns. The transition lines of the
observed flow patterns were determined based on both the measured data and the conducted

analytical work. It has been revealed that the slug flow pattern can be observed at the following

restrictions: (pr/pg) » 1, (ur/n,) > 25, and (p;gRZ/0) < 0.22.

Alexeyev et al. [82] investigated experimentally flow patterns for two-phase flow of
Helum m horizontal mmi-channels with 1 mm gap size of rectangular and round slots. They
developed flow pattern maps for two-phase Helum flow in terms of liquid and vapor superficial
velocities based on the obtained and previous data. Moreover, five basic flow patterns were
identified which are bubbly, stratified, intermittent, annular-dispersed and dispersed, and mist
flow patterns. Surprisingly, slug flow pattern was not observed in theirr experiments, and it was
attributed to the influence of either a geometrical factor such as the slut shape or a hydrodynamic
factor such as the liquid-vapor mterface mstability. Furthermore, the authors revealed that the
transition lines of the two-phase Helum flow patterns were different compared to other fluids
due to the effects of the physical properties of the Helum which are influenced by the operating

pressure.

To better understand flow pattern and transition boundaries for flow boiling conditions, it
would be essential to consider the influence of applied heat flux on flow patterns. Therefore,
Kattan et al. [83] developed a flow pattern map for two phase flow boiling in horizontal tubes,
which is applicable to both adiabatic and diabatic conditions, based on the experimental database
of five working fluids, (R134a, R123, R404a, R404a, and R502) in 12 mm imner diameter
horizontal tube. Five main flow patterns were included in ther flow pattern map: ntermittent
flow (I), annular flow (A), mist flow (M), stratified flow (S), and stratified wavy flow (SW). The
flow pattern map was coordinated in terms of mass flux and exit vapor quality. Furthermore, the
onset of partial dry-out that occurs at the top of the test section has been predicted based on the
maximum heat transfer coefficient in the annular flow regime. The transition line from

mtermittent to annular flow is represented by,
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Coleman and Garimella [84] studied the effects of tube size, and geometrical shape on
the flow pattern of air-water two-phase flow in circular and rectangular horizontal small
channels. They presented flow regime maps of air-water two-phase flow and identified the
boundaries of flow patterns in terms of liquid and gas superficial velocities. It has been
concluded that for adiabatic two-phase flow in small tubes, say less than 10 mm, the tube size,
and the surface tension force have significant effects on the observed flow patterns and their
transition boundaries, where the stratified flow pattern was suppressed and the range of

mtermittent flow is expanded.

Yang and Shiech [85] investigated the effects of working fluid and tube size on flow
pattern characteristics in small horizontal tubes. They studied the flow pattern of air/water, and
R134a i small horizontal tubes, 1.0 < D, < 3.0 mm , where six different flow patterns were
observed which are bubbly, slug, plug, wavy stratified, dispersed, and annular flow patterns. The
authors used superficial velocities of gas and liquid phases for identifying the boundaries of
observed flow patterns. A significant effect of the surface tension on the transition boundaries of
the flow patterns in small channels was reported. Moreover, it was revealed that for the same
tube size, and working conditions, the transition from plug flow to bubbly flow for the air-water
flow occurs earlier than that for R134a due to the high surface tension of water. Additionally,
none of the flow pattern maps available at that time was able to predict flow patterns of both

tested working fluids.

Triplett et al. [70] investigated two-phase flow patterns of air-water flow in 1.1, and 1.45
mm inner diameter circular mini-tubes, and 1.09, and 1.49 mm hydraulic diameter of triangular
cross section mini-tubes. Five various flow patterns were observed which are bubbly; churn;
slug; slug-annular; and annular flow patterns. A flow pattern map coordinated in terms of liquid
and gas superficial velocities was presented, and compared with some available flow pattern
maps which did not give a good agreement with the measured data. In a follow up study, Thome
and El Hajal [86] developed a flow pattern map for evaporation in small horizontal tubes by

modifying the flow pattern map of Kattan et al. [83] and mnvolving the Rouhani-Axelsson drift
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flux model [87] which was developed for predicting void fraction. The proposed flow pattern
map is presented in Figure 2-2, and valid for adiabatic and diabatic flow conditions in small
horizontal tubes, but it was not validated to be applicable for macro/micro-tubes. The transition
lme between intermittent flow and annular flow is determined by the correlation proposed by
Kattan et al. [83] for fixed Loackhart-Martinelli parameter X,, = 0.34.

d=8mm, T,,=4°C, G=200 kg/m’s, g=10kW/m?
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Figure 2-2: Flow pattern map developed by Thome and El Hajal [86] for evaporation in horizontal tubes
considering the effect of working fluid.

In 2005, Hassan et al. [88] developed two universal flow pattern maps for two-phase flow
in vertical and horizontal micro-channels in terms of liquid and gas superficial velocities. Four
basic flow patterns were defined, bubbly flow, intermittent flow, churn flow, and annular flow
pattern. It has been revealed that the effect of surface tension in two-phase micro-channel is very
significant and influences the flow patterns as well as the transition lnes. Based on the force-
type dominance, the authors divided flow patterns into two main types. The first zone is that
mainly controlled by the surface tension and this includes bubbly, slug, and confined flow
patterns. The second zone is mainly influenced by the inertia force, and this includes dispersed
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and annular flow patterns. Based on the experimental database from their and previous studies
for two-phase flow in macro/micro-channels with a range of hydraulic diameter of 0.1 < D, <
1.0 mm, the authors proposed two flow pattern maps for vertical and horizontal flow in micro-
channels. The authors reported that a lack in two-phase micro-channel experimental database
still exists and more experimental work particularly for channels with D, < 0.5 mm is needed.
Furthermore, in order to implement the proposed flow pattern maps, the phasic superficial
velocities are needed which make it a quite hard to identify the transition line correctly.
Additionally, the effects of applied heat flux on the flow patterns and their transition boundaries

is very significant and should be considered for determining flow pattern boundaries.

Recently many researchers have studied the relation between heat transfer and flow
pattern maps. Cheng et al. [89] analyzed flow boiling heat transfer and flow pattern maps for
flow boiling of CO2 in horizontal tube. Based on the observed variation in heat transfer
tendency, the authors proposed criteria for predicting flow patterns transition lines from

mtermittent flow to annular flow, and from annular flow to dry-out flow which are given by,

X,/ = [1_8(1/0.875)(Mf/ug)—(l/ﬂ (Pg /pf)—(1/1.75) + 1]—1 2.2)

Xa/p = 0.58 exp|0.52 — 0.67We® 1,23 (p, /p.) "™ (a1,/ qeur)”” | (2:3)

In a major flow pattern study, Revellin [90] mvestigated the flow patterns of R134a and
R245fa for flow boiling in 0.790 mm and 0.509 mm inner diameter round single micro-tubes.
He revealed that seven flow patterns were recognized and identified as bubbly flow, bubbly/slug
flow, slig flow, slug/semi-annular flow, semi-annular flow, wavy annular flow and smooth
annular flow. Figure 2-3 shows the flow pattern obtained for R134a. In general, it has been found
that the basic flow patterns that have been observed for flow boiling in horizontal micro-
channels, may be classified into three basic flow patterns, namely as bubbly flow, slug flow, and

annular flow.
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Figure 2-3: Flow patterns for R134a flowing with G=500 [kg/m?.s] in a 0.79 mm channel has an
average heat length L=70 mm at T,,~=30 °C and AT;,,=30 °C, observed by Revellin [90].

Revellin et al. [91] carried out diabatic two-phase experimental work for mvestigating the
main bubble characteristics and flow patterns of flow boilng of R134a n a 0.5 mm inner
diameter horizontal micro-tube by developing an optical measurement technique. It has been
revealed that the bubble coalescence phenomenon and mass flux affect flow pattern boundaries.
Moreover, the authors developed a new diabatic flow pattern map, as shown in Figure 2-4, for
evaporation in horizontal micro-channels based on visualization data of flow boiling of R134a,
and R245fa n 0.509 , and 0.790 mm mner diameter single micro-tubes. Four mamn flow regimes
were observed namely, isolated bubble regime, (IB) coalescing bubbly regime, (CB), annular
flow regime, (A), and post dry-out regime, (PD). The IB regime was identified as the zone where
the bubble generation rate dominates the bubble coalescing rate and this includes the bubbly flow
and the slug flow regime. The CB regime was identified as the zone where the bubble coalescing
rate dominates the bubble generation rate. The transition lines from IB to CB and from CB to A
flow regimes are represented by the Eq. (2.22) and Eq. (2.23) respectively. Furthermore, the
authors recommended including the influence of flow instability on flow pattern transition
boundaries for future work in order to extend the ability of the model to predict the incipience of

back flow in two-phase flow boiling micro-channels.
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Figure 2-4: A new diabatic coalescing bubble map for evaporating flow in circular uniformly

heated microchannels: R-134a, D = 0.5 mm, L = 70 mm, T,,, = 30°C, q,, = 50 [kW/mz],
Revellin and Thome [75].

In a follow up study, Zhang and Fu [92] mvestigated the effects of tube size on flow
patterns and transition boundaries of liquid nitrogen in 0.531, and 1.042 mm inner diameter
vertical micro-tubes. Four basic flow patterns have been observed which are bubbly, slug, churn,
and annular flow. For the micro-tube size, they have observed confined bubble flow pattern,
which is characterized by the axial expansion of the bubble that has hemispherical shapes at both
ends of the bubble. Furthermore, mist flow pattern has been reported due to the existence of

small droplets in the vapor core, and dry-out of the liquid film. The authors have pointed out that
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even in vertical flow boiling micro-channels; the gravity force effect is insignificant compared to
mertial and surface tension forces. They compared their experimental data with some available
models for predicting flow pattern transition boundaries, and concluded that none of the existing
models was able to predict micro-channel flow pattern boundaries. Additionally, they measured
heat transfer coefficient and void fraction, and reported that in vertical micro-channels, heat

transfer enhancement was observed in annular flow regime.

Rashid et al. [93] studied the flow boilng of R134a m a 0.781 mm mner diameter of
horizontal micro-tube subjected to uniform heat fluxes within the range of 5<gq,, <
45 [kW /m?], and mass fluxes (100 < G < 400 [kg /m?.s]). They reported that main observed
flow patterns are isolated bubbly, confined bubble, elongated bubble, slug flow, semi-annular,
and annular flow patterns. Furthermore, they predicted the main bubble features, such as bubble
length, velocity, and frequency considering the effects of main operating parameters. It has been
revealed that bubble frequency increases by increasing mass, and heat fluxes, which significantly
affects the flow patterns transition lines. They recommended conducting extra flow visualization
of flow boiling in micro-channels for a better understanding of two-phase boiling in micro-
channels.

Arcanjo et al. [94] conducted experimental work for studying bubble characteristics and
flow patterns of flow boiling of R134a, and R245fa n a 2.32 mm mner diameter horizontal mini-
tube using a high speed video camera with mass flux range, 50 < G < 600 [kg /m?.s], taking
mto account the effect of mlet saturation temperature. Four main flow patterns were observed
which are bubbly, elongated bubbles, churn, and annular flow patterns. The authors presented
flow regime map of the obtained results in terms of mass flux and vapor quality, and compared
the transition lines of the observed flow patterns with those proposed by Barnea et al. [95],
Felcar et al. [96], Revellin and Thome [75], and Ong and Thome [97] at saturation temperatures
22, 31, and 41 °C. Their experimental data gave good agreement with those developed by Felcar
et al. [96], and Ong and Thome [97]. Based on flow visualization, the authors measured bubble
velocity, length, and frequency. It has been concluded that bubble velocity increases by
increasing the mass flux and vapor quality, while it decreases by increasing the inlet saturation

temperature.
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Celata et al. [98] carried out two-phase flow experiments for studying the flow patterns of
flow boiling of FC-72 in a 0.48 mm inner diameter horizontal micro-tube. Basically, four main
flow patterns have been observed namely, bubbly, slug, annular and dry-out flow patterns.
However, two mixed flow patterns were observed without clear flow pattern boundaries namely
bubbly/slug and slug/annular flow patterns. The churn flow pattern was not observed in such
small size of the micro-tube. It has been pomted out that the flow boiling instability has been
observed due to the backward and forward expansion of the elongated bubble in axial direction.
The authors identified the observed flow patterns in terms of mass flux and exit vapor quality,
and compared them with the flow regime maps of larger tube sizes (2.0 <D, < 6.0 mm)
developed by Mishima and Ishii [99], McQuillan and Whalley [100], and Ong and Thome [39].
It has been revealed that none of the used flow pattern maps was able to predict the transition
line from bubbly flow to slug flow of the 0.48 mm micro-tube data. The authors attributed this to
the shift movement of the bubbly flow toward the sub-cooled region due to decreasing the tube
size. Furthermore, they noted that the flow pattern map of McQuillan and Whalley [100] was not
able to predict the transition lne from slug to annular flow for mass flux
(G <1250 [kg/m?.s]) since it was originally developed for large tubes at adiabatic working
conditions, which is not the case for micro-tubes at diabatic conditions. On the other hand, both
flow pattern maps of McQuillan and Whalley [100], and Ong and Thome [39] were able to fairly
predict the transition line from slug flow to annular flow regime of the FC-72. Overall, the
authors reported a need for developing a method able to quantitatively describe flow pattern

boundaries and covering the sub-cooled and saturated regions in micro-tubes.

One of the crucial parameters affecting the flow pattern in micro-channels is the reduced
pressure. Therefore, Mastrullo et al. [101] mvestigated the effects of reduced pressure on flow
pattern transition boundaries of flow boiling of CO2 and R410A in a 6.0 mm inner diameter
horizontal small tube. They performed their experiments for the range of mass fluxes (150 <
G < 500 [kg/m?.5]), and heat fluxes (5 < q,, < 20 [kW /m?]) for reduced pressure range of
0.57 < p,. < 0.64. Additionally, they compared their observed flow pattern transition boundaries
from intermittent to annular, which is denoted as (I/A), and from annular to dry-out flow regime,
which is denoted as (A/D), with the flow regime maps of Wojtan et al. [102], Cheng et al. [103],
Barbieri et al. [104], and Caniere et al. [105]. It has been noted that none of the tested flow

20



pattern maps was able to predict the flow pattern transition lines fairly, except the annular to dry-
out flow transition line (A/D) which was well predicted by the flow pattern map proposed by
Wojtan et al. [102]. Consequently, based on the performed comparison and 1420 data points, the
authors developed correlations for predicting the flow pattern transition boundaries for slug,
ntermittent, annular, and dry-out flow patterns by predicting the vapor quality at which the

transition occurs. The proposed correlations predicted the transition lines with reasonable MAE.

Al et al. [106] mvestigated the characteristics of flow boiling of R134a in a 0.781 mm
mner diameter horizontal micro-tube subjected to a uniform heat flux rangng from 5 to 45
[kW /m?] with low mass flux, 100 to 400 [kg/m?.s]. Five main flow patterns were presented
as follows: bubbly flow (isolated bubble flow and confined bubble); slug flow (elongated bubble,
and slug flow); semi annular flow (slug annular, and wavy annular flow); annular flow; and mist
flow pattern. Considering the effects of working conditions, it has been revealed that wavy
annular flow can be obtained at high mass flux, while mist flow pattern was observed at very low
mass flux. Furthermore, it was reported that bubble frequency increases with mass flux, and
increasing the pressure system leads to a shift of the transition boundaries toward lower

superficial vapor velocity due to the sub-cooling effect.

It is of importance here to notice that Ali et al. [106] employed the experimental dataset
of Martin-Callizo et al. [107] which was measured for flow boiling of R134a in a 1.33 mm inner
diameter vertical mini-tube, to study the effect of tube size on flow pattern neglectng the
mnfluence of flow orientation. However, churn flow pattern was observed for vertical flow in the
study of Martin-Callizo et al. [107], while it was not observed for horizontal flow. Furthermore,
Ali et al. [106] reported that, due to the confinement effects, the transition lines from bubbly to
slug flow are shifted to lower vapor quality for smaller tubes than those for large tubes. On the
other hand, due to the significance of surface tension in small channels, they revealed that the
transition line from slug to annular flow was shifted to higher vapor quality for small tubes than
those observed for the large tubes.

Transition boundaries from intermittent to annular flow regime play a significant role for
flow boiling in micro-channels. Charnay et al [108] mvestigated the characteristics of flow

patterns of flow boiling of R245fa in a 3.0 mm inner diameter horizontal small tube considering
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a wide range of mass, 100 < G < 1500 [kg/m?.s],and heat fluxes of 10 < q,, < 90 [kW /m?]
using high speed video camera. Four basic flow patterns have been observed, which are bubbly
flow, bubbly-slug flow, slug flow, and annular flow. It has been found that (I/A) transition line is
dependent of applied heat flux. Furthermore, the authors measured bubble characteristics and
demonstrated that at the peak of bubble frequency, the flow pattern changes. Additionally, they
linked the (I/A) transition line to the dominant heat transfer mechanism, where they observed
that transition boundary from intermittent to annular flow corresponded to the transition from

nucleate boiling to convective boiling heat transfer mechanism.

Recently, Tibirica and Ribatski [109] conducted an experimental work for studying flow
patterns and bubble behavior for flow boiling of R134a, and R245fa in a 0.38 mm mnner diameter
stainless steel horizontal micro-tube with a heated length of 200 mm. The authors performed
their experiments employing a high speed camera (10°fps), for a wide range of mass
fluxes, (100 < G < 900 [kg/m?.s]), and high heat flux reaches to q,, < 226 [kW /m?]. Four
basic flow patterns have been observed namely as bubbly flow, slug flow, annular flow, and dry-
out flow patterns. The authors analyzed bubble characteristics and proposed new correlations for
predicting the bubble departure diameter and bubble departure frequency for flow boiling in
micro-channels. They found that bubble departure frequency increases with mass flux.
Furthermore, the authors highlighted the mamn interfacial waves that affect the observed flow
patterns and result in interfacial instability. They reported that the interfacial waves can result
from five main sources: 1. they can be created due to the dominant of drift vapor velocity; 2.
Oscillation of liquid slug; 3. Bubble coalescing phenomenon; 4. Bubble nucleation in trapped
liqud film; 5. Non-uniformity of applied heat flux. Additionally, liquid entramment droplets
were observed i the vapor core for 0.4 mm micro-tube due to two different sources of mterfacial

instability which are caused by liquid slug instability, and bubble coalescing phenomenon.

2.5. Heat Transfer Mechanisms

Flow boiling in micro-channels has a complex nature from the point view of the heat
transfer mechanism. This is still a debated question that needs to be well clarified. Furthermore,
it is very crucial to adopt the real heat transfer mechanism that goes with the corresponding flow

pattern for more a realistic flow boiling model. In other words, knowing the heat transfer
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mechanism is a fundamental issue for modeling two-phase flow boiling flow, particularly, in
mini/micro-channels. Some previous studies reported that the dominant heat transfer mechanism
for boiling in mini/micro-channels is nucleate boilng based on the relation between the heat
transfer coefficient and the applied heat flux (e.g, Lazarek and Black [110]; Wambsganss et al.
[111]; Bao et al. [21] ; Yen et al. [112]; Kandlikar and Balasubramanian [113]; and Kandlikar
[60]). On the other hand, some other researchers, (e.g., Lee & Lee [22]; Jacobi and Thome [114];
Qu & Mudawar [115]) revealed that the convective boiling including liquid film evaporation is

the domimnant heat transfer mechanism in mini/micro-channels.

Chen [54] reported that the heat transfer mechanism varies by varying the flow regime,
and it is of importance to correctly define the flow regime and check the applicability of any
developed correlation or model used for that specific flow regime. To better understand the heat
transfer mechanism for two-phase flow boiling, Chen [54] , proposed a heat transfer correlation
based on an additive method principle, taking nto account the contribution of both macro-
convective and micro-convective heat transfer mechanisms. The macro-convective heat transfer
term is related to the flowing of working fluid, while the micro-convective term is related to the
bubble nucleation and bubble growth rate. The correlation was developed for saturated two-
phase vertical flow boiling conditions at a heat flux lower than the CHF, i the absence of slug
flow regime. The correlation was tested for 600 data points of water and organic working fluids,
and gave a good agreement with a deviation of +12 %. The two-phase heat transfer coeflicient

was represented as

h=hpge + Poic (2.6)

Where h is the macro-convective heat transfer coeflicient, which is a function of Reynolds

mac
number factor F, and h,,;. is the micro-convective heat transfer coeflicient which is a function of
the suppression factor S that is described in terms of the ratio of effective superheat to the total

superheat of the channel wall.

Lazarek and Black [110] investigated saturated heat transfer flow boiling of R113 mn a
3.15 mm mner diameter vertical tube. They measured pressure drop, predicted heat transfer
coeflicient, and CHF. They pointed out that the heat transfer coefficient is significantly
influenced by the applied heat flux and not affected by the vapor quality. Therefore, they
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revealed that nucleate boiling is the dominant heat transfer mechanism. Wambsganss et al. [111]
conducted an experimental investigation for heat transfer flow boiling of R113 in a 2.92 mm
mner diameter horizontal tube. They observed that the flow boiling heat transfer coeflicient is
strongly affected by the applied heat flux, and slightly influenced by mass flux and vapor quality.
Therefore, similar to Lazarek and Black [110], they concluded that nucleate boiling dominates
the heat transfer mechanism due to the high boiling number. Bao et al [21] performed similar
experimental mvestigation, but for flow boiling of R11, and HCFC123 working fluids n a 1.95
mm inner diameter horizontal tube. Their results showed that the applied heat flux has a
significant effect on the heat transfer coefficient, while is mdependent of mass flux and vapor
quality. As a result, they reported that nucleate boiling dominates heat transfer mechanism for

flow boiling in small channels.

Overall, the dommant heat transfer mechanism is flow pattern dependent. According to a
study for boilng heat transfer in small channels presented by Kew and Cornwell [67], heat
transfer mechanisms for boiling in small-diameter channels;1.39 < Dy, < 3.69 mm; can be
classified as nucleate boiling, confined bubble boiling, convective boiling, and partial dry-out
heat transfer mechanisms corresponding to four different observed flow regimes defined as:
isolated bubble, confined bubble, slug/annular, and partial dry-out flow. However, more than one
mechanism may be dominant in a flow pattern. For instance, in the confined bubble flow regime,
the heat transfer can occur through both thin film evaporation and conduction. Thome and
Consolini [116] reported that in bubbly flow the nucleate boiling controls the heat transfer
mechanism, whereas in slug and annular flow regimes the liquid film evaporation is the
dommant heat transfer mechanism. Kandlikar and Balasubramanian [113] proposed a heat
transfer correlation that shows the trend of heat transfer coeflicient in terms of vapor quality, and
they concluded that nucleate boiling dominates heat transfer for flow boiling n mini/micro-
channels for low Reynolds number (Rep,<100).

Some forces, such as surface tension, viscous shear, mertial, and momentum of
evaporation, acting at the vapor-liquid interface, are essential for analyzing heat transfer
characteristics of flow boiling in micro-channels. Kandlikar [60] derived two dimensionless
groups by considering these forces namely K1 and K2. The first dimensionless group, K1, is

defined as the ratio of the force of evaporation momentum to the inertia force, and represented in
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terms of Boiling number and liquid to vapor density ratio. The second dimensionless group, K2,
is defined as the ratio of the force of the evaporation momentum to surface tension. The author
plotted the two derived dimensionless groups against a wide range of hydraulic diameter. On the
question of dominant heat transfer mechanism, Kandlikar found that higher end values of K1 for
the data sets indicated the dominance of nucleate boiling mechanism, while lower end values of
K1 indicates the dominance of convective boilng mechanism. Additionally, the maximum

values of K2 mdicate the onset of CHF. K1 and K2 are expressed as follows

K, = Bo*(p;/p,) (2.7)
K, = Bo? <i> 2.8)
Py

Where Bo is Boiling number.

Lee and Mudawar [117] mvestigated the two-phase heat transfer characteristics for flow
boiling of R134a in micro-channel heat sinks at uniform high heat flux. They revealed that the
dommant heat transfer mechanism of flow boiling in micro-channels is dependent on the flow
pattern regime. The flow pattern was a major factor in their study to distinguish the dominant
heat transfer mechanism. Therefore, they pomted out three different ranges of vapor qualities.
The very low vapor quality regime (bubbly flow regime), (x < 0.05), is observed at low heat
flux, where the nucleate boiling is dominant, while the mtermediate vapor quality regime,
bubbly/slug flow regime, (0.05 < x < 0.55), and high vapor quality regime x > 0.55, the

convective boiling is the dominant heat transfer mechanism.

It has been concluded that the nucleate boiling is the dominant heat transfer mechanism
in the bubbly flow regime where the vapor quality is low, while the convective mechanism is
dommant at mtermediate and high vapor quality ranges for the slug and annular flow regimes
respectively for flow boiling in micro-channels. Further, it has been recommended, for future
research, to generalize a flow pattern map for heat transfer prediction of flow boiling in micro-
channels that covers all flow regimes for wide operating conditions and channel sizes

considering the surface roughness effects at the meantime.
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2.6. Bubble Dynamics

It has been known that the bubble dynamics is an essential aspect for studying pool
boiling and flow boiling phenomena, particularly, in mini/micro-channels whether for wvertical or
horizontal conditions. Therefore, several previous studies for bubble nucleation, growth rate,
departure diameter, and departure frequency have been carried out (e.g. Lee et al. [118], Fu et al
[119], Arcanjo et al. [94] ).

Lee et al. [118] investigated experimentally the bubble characteristics for flow boiling of
de-ionized water in a 41.3 um mner hydraulic diameter trapezoidal micro-channel. They
observed that bubble growth rate in single micro-channels falls in the range 0.13 to 7.08 um/ms.
Moreover, the bubble growth is influenced by various factors based on the growth stage. In the
first stage of the bubble growth, the bubble growth is mainly controlled by the mertial forces,
while in the latter stages of the bubble growth, the bubble growth rate is basically, controlled by
the thermal diffusion through the latent heat of evaporation. Investigating bubble growth rate
raised a question, which is "is the evaporation rate at the bubble mterface uniform or not?", Lee
et al. [118], stated that the evaporation rate at the bubble interface is non-uniform, where it is
higher at the heated wall and low at the bubble tip. Additionally, they concluded that the bubble
growth rate is governed by the mertial force, while the bubble departure diameter is controlled by
the surface tension. Regards to the bubble frequency, they revealed that the bubble frequency in

the micro-channel is equivalent to that of conventional size channels.

Lie and Lin [120] conducted an experimental work for investigating the influence of the
channel size and operating conditions on bubble characteristics and heat transfer coefficient of
saturated flow boiling of R134a in 1.0, and 2.0 mm gap-size annular ducts. The influence of
channel size has long been a question of a great mterest in heat transfer flow boiling. In their
study, it has been observed that decreasing the duct size was found to increase the saturated heat
transfer coeflicient, the bubble departure diameter, and the mean bubble departure frequency.
Furthermore, the authors revealed that the mean bubble frequency increases with the mass flux,
and mlet saturation temperature. Moreover, it has been reported that increasing the mass flux
causes a slight decrease in bubble departure diameter, and lower the density of nucleation sites.

Based on theirr experimental data, the authors proposed correlations for predicting bubble
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departure diameter, frequency, and the density of nucleation site in terms of Reynolds number,
Boiling number, Prandtl number, confinement number, and fluid properties. The proposed
correlations gave a good agreement with the tested data. The developed correlation for predicting

the mean bubble departure frequency, f,is given as follows.

f-Dq
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where the mean bubble departure diameter, D, is correlated as.

D 0.5
¢ =0353 <&> .Re7°2. Bo®2 N0 2.10)
Jo/g.Ap Pg
The correlation of the density of the nucleation site is given by,
N,.Di = —0.029 + 4.82B0%** Re; 1 (2.11)

Situ et al. [121] have studied experimentally, the bubble departure frequency for forced
convective sub-cooled boiling flow of water in upward vertical channel. They mnvestigated the
applicability of existing models and correlations for predicting bubble departure frequency. It has
been revealed that the correlations developed for pool boiling do not predicted well the bubble
departure frequency for forced convective sub-cooled boiling flow. Moreover, the available
models are applicable for narrow limited conditions. Therefore, they provided a new correlation
based on their experimental data and those available in the literature for predicting the bubble
departure frequency considering the influence of applied heat flux on the bubble departure
frequency. The proposed correlation gave a good agreement with the tested data measured at

operating conditions with low wall superheat temperatures.

Agostini et al. [122] investigated the relationship between the elongated bubble and
bubble length for flow boiling of R134a in micro-channels at diabatic conditions considering the
influence of a wide range mass flux, 200 to 1500 kg/m?.s, and tube diameter, 0.509, and 0.790
mm. A strong relation between the bubble relative velocity and the one calculated based on the
homogenous model, and the bubble length has been reported. The authors found that the relative

bubble velocity increases with the bubble length, the mass flux, and the channel nner diameter.
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Furthermore, the authors developed an analytical model for describing the relation between the
relative velocity and the corresponding bubble length. The proposed model which predicted 90

% of the experimental data with a deviation error band of +20 % is expressed as follows,

—2f;L
D.y 1_exp( l;l g)
U, = + U, (2.12)
g 1+ £ Zfi
Co
where, C, is a coefficient, € = —0.58, and Co is denoted for confinement number, U,, is the
homogenous velocity, and y, is defined by
4q
Y =5 (2.13)
D.hsy.p,

In a study of bubble collision, Revellin et al. [123] have conducted experimental work for
mvestigating the characteristics of bubble collision for flowing of R134a n 0.5, and 0.7 mm
mner diameter micro-tubes at both diabatic and adiabatic conditions, collecting about 412 data
pomts, including the measurements of bubble length. It has been observed that due to the
variation of bubble sizes, the bubble collision occurs. The model, predicted bubble length
distribution, and bubble frequency in terms of exit vapor quality. Their results showed that the
peak of bubble frequency was obtained at low vapor quality.

Fu et al. [119] have conducted vertical upward flow boiling experiments for mnvestigating
the bubble growth, departure, and related flow patterns for liquid nitrogen n mini-tubes with a
range of 1.3 to 1.5 mm mner diameters. The authors focused on studying the bubble growth rates
for two cases, when the bubble slides along the tube wall, and when the bubble attached the
nucleating sites. The bubble coalescence phenomenon was not considered in ther study. A
similarity in bubble growth rates before and after bubble departure has been observed, and the
authors attributed this to the dominance of inertial force effects on bubble growth rate. It has
been revealed that liquid film evaporation is the dominant heat transfer mechanism for flow
patterns observed beyond the bubble confinement. It has been observed that bubble departure
mechanism is significantly inflienced by mass and heat fluxes. The authors found that increasing
the mass flux shorten the bubble period, and accelerated the bubble departure. On the other hand,

28



they found that increasing the heat flux delayed the bubble period. They attributed this to the
dominance of the forces acting on the bubble growth during the period of bubble growth. Based
on Situ et al's model of bubble lift-off diameter [124], the authors proposed a correlation for
predicting bubble departure diameter as given by,

D, kja®Pr;t
D.  Re

l

(2.14)

where D,, is departure bubble diameter, D;, is mner diameter of the tube, k, is an empirical

parameter equals to 0.04, Pry, is Prandtl number for the fluid. The proposed correlation predicted

their tested data with a deviation lmits of + 30 %.

2.7. Liquid Film in Slug and Annular Flow Regimes

Liquid film thickness influences the Lquid film gradient temperature and consequently,
the rate of heat transferred to the channel. Therefore, it plays an important role in the
mvestigation of flow boiling heat transfer in mini/micro-channels, Moriyama and Inoue [125].
Several investigations for predicting liquid film variation either in slug flow or annular flow have

been done.

Irandoust and Andersson [35] investigated theoretically and experimentally the liquid
film thickness for upward and downward Taylor’s flow i capillaries. They solved Navier-Stokes
equations and surface tension equations numerically for the theoretical part, and implemented a
photometric technique for various working fluids named as air-ethanol, air-water and air-glycerol
to measure liquid film thickness. They developed a correlation for liquid film thickness
considering the capillarity effect, and the Capillary number is calculated based on bubble
velocity. The analytical solution gave a good agreement with data of air-ethanol but
underestimated those for air-water. The correlation of liquid film thickness is proposed as

follows:

§,/D = 0.18 [1— exp(—3.08Ca®**)] (2.15)
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Fukano and Kariyasaki [36] investigated the characteristics of air-water flow in a
capillary tube at an adiabatic condition taking into account the influences on flow direction and
tube size on the flow pattern, pressure drop, bubble velocity, and liquid film. They concluded
that for the two-phase flow in capillaries, neither the stratified flow pattern, nor the small bubbles
in liquid slug or liquid film have been observed. Furthermore, the liquid film thickness decreases

with the tube size and increasing the gas superficial velocity.

Moriyama and Inoue [125] measured the liquid film thickness formed due to the
expansion of the bubble formed between two narrow horizontal plates. They assumed that the
heat transferred from the plate surface is enough to evaporate the liquid film, and based on this
assumption, the transient temperature variation of the plate surface was estimated. The influence
of the acceleration of the bubble on the liquid film thickness was considered. It has been revealed
that the liqud film thickness is affected by the Capillary number for large bubble acceleration
where Bo < 2.0. On the other hand, it is noted that the liquid film thickness is mamly mfluenced
by the viscous boundary layer for small bubble acceleration where Bo > 2.0. The proposed
correlation is presented as,

0.10(8*)°8* Bo> 2

6/d ={
(8/d) 0.07 Ca®** Bo<?2

(2.16)

The challenge in implementing this correlation is how to estimate the time required for the

bubble nose to reach the measuring pomnt from the bubble nucleation.

Hazuku et al. [126] have conducted experimental two-phase flow work for measuring
liquid film thickness for flowing of water and nitrogen gas n 0.5-2.0 mm inner diameter
mini/micro-tubes at adiabatic conditions by developing a laser focus displacement meter (LFD).
They concluded that LFD technique with a transparent fluorocarbon tubes allows to measure the
liquid film thickness thinner than 1 pm.

Steinbrenner et al. [127] measured liquid film thickness for adiabatic two-phase flow
(stratified flow) of water and air injected in a micro-channel with size of Dy < 500 pm, using
fluorescence imaging technique. Furthermore, they developed a separated flow model for
predicting the liquid film thickness at adiabatic conditions. The model gave a good agreement

with their experimental data and is useful to be applied for mixing micro-channels applications
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such as fuel delivery cells. On the other hand, to be applicable for flow boiling micro-channel
applications their model needs some extra essential considerations. For instance, the stratified
flow pattern is promised not to be observed in flow boiling micro-channel. Furthermore, the
nfluence of heat flux on the liquid film characteristics is very crucial and must be taken into
account for more realistic two-phase flow boiling model

Han and Shikazono [128] studied the liquid fim thickness at steady conditions of two
phase adiabatic flow for slug flow regime in micro-tubes. A correlation for predicting mitial

liquid film thickness was developed in terms of Re, We, and Ca numbers. It was presented as

follows:
( 0.67 Ca?/3 Re < 2000
(@) _ ] T+313Ca%7 +0504 CaPTZRS — 0,352 Wed e © (2.17)
D /steady | 106 (42 /poD)?/3 Re > 2000
\1+ 497.0(1%/poD)?/3 + 7330 (12/poD)?/3 — 5000 (2 /poD)?/3 =

In a follow up study, Han and Shikazono [129] have considered the influence of bubble
acceleration on the viscous boundary layer which has a significant effect on the liquid film
thickness in slug flow regime. They have employed (LFD) imagng technique for measuring
liquid film thickness of flowing ethanol, water, and FC-40 i 0.5, 0.7, and 1.0 mm inner diameter
micro-tubes. An empirical correlation for predicting the mitial liquid film thickness m slig flow
regime in terms of Bond number, Capillary number, and bubble acceleration was developed and

presented as follows:

<6_°) _ 0968 Ca®/? Boggiil*
D /accel 1 + 4.838 (Ca2/3 Bo-0414

accel

(2.18)
Where, Bo is the Bond number based on the bubble acceleration. The initial liquid film thickness

for a wide range of Capillary number is estimated based on the above two equations Eq. (2.17),
and Eq. (2.18) as,

()=o), 6.
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This correlation gave a good agreement with the data of the liquid film thickness.

Tibirica et al. [130] presented the methods and measurement techniques for estimating
the two phase liquid film thickness in mini/micro-channels. They discussed the challenges that
may be faced by the measurement techniques. They concluded that the LFD method is promised
to be an accurate and the most proper optical technique for measuring liquid film thickness for
flow boiling in micro-channels. Furthermore, it has been noted that the rate of the experiments
conducted the liquid film measurement in annular flow regime is lower than those performed for
the slug flow. Kanno et al. [131] measured the liquid film thickness for the two phase flow in
the annular flow regime in micro tubes at adiabatic conditions employing water and FC-40 as
working fluids. The obtained experimental data were compared with the analytical model of the
critical liquid film thickness developed by Revellin et al. [38] for saturated flow boiling in micro-
channels. The model over predicted the measured data and the authors attributed this to the

mnfluence of interface nstability.

Ong and Thome [39] measured liquid fim thickness for flow boiling of R134a, R236fa
and R245fa on three different channel sizes, 1.03, 2.2 and 3.04 mm. they have used a MATLAB
image processing code for image post-processing to detect the liquid-vapor interface and
estimate the number of pixels. Then, the top and bottom liquid film thickness was estimated
qualitatively considering each pixel equals 18 um approximately. It has been noted that the
gravity force still has a clear effect for flow boiling of R236fa in 1.03 mm channel diameter at
lower vapor quality and Co = 0.83 where a difference in liquid film thickness between the top

and bottom was observed.

Han et al [40] studied the effects of liquid film evaporation on the heat transfer
coefficient of flow boiling in a micro tube at boiling conditions. The liquid film thickness was
measured in the slug flow regime using the LFD techniques. The obtained data were compared to
those predicted by the correlations developed at adiabatic conditions. The heat transfer
coeflicient was evaluated by two different methods. The first method was based on the measured
wall temperature, and the second one was based on the measured liquid film thickness, and both

methods gave a good agreement at low vapor quality. It has been revealed that the nitial liquid
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film thickness at boiling conditions may fairly be estimated using the correlations developed at

adiabatic conditions.

2.8. Critical Heat Flux (CHF)

CHF plays a significant role n developing and designing conventional and compact heat
exchangers, particularly, mmi/micro-channel heat sinks. Therefore, several CHF studies have
been carried out since 1960s. Some authors investigated CHF for saturated flow boiling
conditions (e.g Wojtan et al [45]; Revellin et al [38]; Kim and Mudawar [132]), other
researchers focused on CHF for sub-cooled conditions (e.g. Vandervort et al. [133]; Kandlikar

[134]; Hsiech and Lin [135]).

Considering pool and forced convection boiling on submerged bodies in saturated liquids,
Katto [136] analyzed the sub-cooled flow boiling CHF based on the principle of liquid sub-layer
dry-out for various conditions of heated surface and fluid flow configurations. He developed a
hydrodynamic model for predicting CHF based on the critical liquid film thickness, and reported
two essential phenomena that play a key role in forming the liquid film and therefore influence
the onset of CHF, which are the Kelvin-Helmholtz instability that appears at the liquid-vapor
mterface, and the liquid inflow rate that feeds the liquid film.

In an attempt to study the CHF at very high heat flux conditions in small mmi-tubes,
Vandervort et al. [133] carried out convective flow boiling experiments for water in mini-tubes
with a range of inner diameter of 0.3 <D < 2.7 mm, subjected to a very high heat flux gq,, >
10° [kW /m?] and an extremely high range of mass fluxes, 5000 < G < 40000 [kg/m?.s],
considering the effects of length-to-diameter ratio for the range of 2.0 < L/D < 50.0, and the
sub-cooling within a range of 40 < AT, < 135°C. They revealed that the CHF increased
nonlinearly with the sub-cooling, tube diameter, and the length-to-diameter ratios for (L/D) <
10. One of the interesting and significant findings in their results is that some test sections were
damaged, where a premature test section failure has been observed at heat fluxes 20 % lower
than the CHF for two test sections 1.8, and 2.4 mm inner diameter tubes. They attributed this
premature failure to the influence of some thermal-hydrodynamic phenomena that can happen
after the onset of boiling, and due to the spontancous nucleation-type instability which is related
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to the surface roughness of the inner wall of the test section that influences the nucleation sites.
Furthermore, they proposed a new CHF correlation for high flux boiling region, which was
defined as the zone where the tube surface is subjected to a heat flux as high as 10* < q,, <
2 X 10° [kW /m?]. They have taken into account the influences of five main parameters, mass
flux, pressure, exit sub-cooling, tube diameter, length-to-diameter ratio, on the CHF. The
proposed correlation was developed based on 721 CHF data points measured only for tubes with

mner diameter D < 3.0 mm.

Wojtan et al. [45] investigated experimentally CHF of saturated flow boiling of R134a,
and R245fa in 0.5 mm, and 0.8 mm mner diameter single horizontal micro-tubes subjected to a
uniform heat flux, considering the effects of saturated temperature, inlet sub-cooling, mass flux,
tube diameter, and heated length. They performed their experiments for a heated length range
20 < L, <70 mm, mlet saturation temperatures, 30, and 35 °C, with a range of mass fluxes of
400 < G <1600 [kg/m?.s], and inlet sub-cooling 2 < AT,,, < 15°C. It has been reported
that increasing the heated length decreases the CHF, while increasing the mass flux increases the
CHF. Moreover, the CHF increases with the saturation temperature for mass fluxes higher than
G = 1000 [kg/m?.s]. On the other hand, no sub-cooling effect on the CHF has been observed
for the tested conditions. Based on the Katto-Ohno correlation, and the measured CHF data

pomts, they proposed a CHF correlation which is applicable for annular flow regime, and

working conditions where (pg / pf) < 0.15 for a good predictive accuracy, and is given by,

-0.72

0.073
q. = 0.437<p—9) We~ 02 (L—"> Ghey (2.20)
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Qi et al. [46] performed a series of experiments for studying the heat transfer coefficient
and CHF for flow boiling of liquid nitrogen in 0.531, 0.834, 1.042, and 1.931 mm mnner diameter
single micro-tubes subjected to a range of a uniform heat flux of 50.0 < q,, < 214 [kW /m?],
with a mass flux range of 440 < G <3000 [kg/m?.s], and at an inlet temperature range,
782 < T;,, < 79.8 K. They recognized the incipience of CHF based on the sudden jump i the
wall temperature which is observed close to the exit of the micro tube combining with a steep

drop in heat transfer coefficient. It has been noticed that the CHF increases with the mass flux,
while the critical vapor quality decreases with the mass flux. Based on the Katto-Ohno
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correlation of the CHF, the authors proposed a CHF correlation taking into account the effects of

tube size by including the confinement number, which is given by,

q” p 0.133 1 0.333 1
€ — (0214 +0.140 Co)( P2 —) - 2.21)
Ghy, oy we) 1+003L/D

The proposed correlation showed an inverse relation between the CHF and tube diameter.
However, this is different from the results presented by the same authors, where it showed that at

a constant mass flux, the CHF increases by increasing the tube size.

Revellin and Thome [52] developed a semi-analytical CHF model for flow boilng in a
single horizontal uniformly heated micro-channel considering the influence of interfacial waves
of the annular liquid film. They reported that CHF occurs in annular flow regime and can be
recognized when a partial dry-out of the liquid film is experienced at a certain value of the liquid

film thickness, (ie. 6 > 0 ), where the vapor quality in this case is Xq; < 1.0. In other words,

exi
the CHF model was defined based on the dry-out of the liquid film and the height of the
mterfacial wave, and the critical film thickness was modeled based on Kelvin-Helmholtz critical
wave length A, at the channel outlet where the dry-out occurs. The correlation involved the

effects of gravity and surface tension, which is given by,

5 =CR (u_g>j1 <M)K1 (2.22)

uf g

Where R is the mternal radius of the tube, C,j,, and K; are parameters estimated based on the
CHF database. Furthermore, the authors assumed that the CHF occurs when the liquid film
thickness reaches the minimum assumed values, which is defined here as, §,,;, = 0.05D. The
model was tested with CHF experimental data pomts obtained for four different fluids at wide
range of channel sizes D;, = [0.215 to 3.15 mm], mass fluxes range of [29 to 1600 kg/m?.s],
various heated length [10 to 126 mm], and inlet sub-cooling range [2 to 77°C]. The model
predicted 90 % of the tested data with the error band 20 % and MAE 0f 9.3 %. The best values
for the parameters C,j; and k,, proposed by the authors are 0.15,—3/7 and — 1/7, respectively.
CHF results showed that the CHF increases by increasing the mass flux, the channels size and
the mlet sub-cooling AT, while decreases by increasing the channels heated length.
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Wu and Li [137], studied the effects of heated length to diameter ratio(L,/d,) on the
saturated CHF i min/micro channels. They found that the Boiling number at CHF, Bl ;,
decreases greatly with (L, /d,) at low values of (L,/d,). A new criterion (BoRe{)'5 < 200.00)
was adopted to identify the macro-to-micro-scale region. The authors compiled 1672 saturated
CHF database points for flow boiling of various refrigerants and water in mini and micro-
channels. The threshold value of (L,/d, = 150) was reported as there is no significant effect of
L,/d, on saturated CHF beyond this value. In general, the compiled database was divided into
two main regions and a new CHF correlation was proposed for each region. For the region,
which is characterized by (BoRelO'5 < 200), and(L,/d,) < 150, the CHF correlation is given

in terms of Boiling number at CHF as,

-1.19

ngF Ly

Bl = <_> — 0.62 (_) 082 (2.23)
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Furthermore, the effects of mertia, viscous and surface tension forces were taken mto account

and represented by the non-dimensional group (We,,Cal®) to represent the second region

BoRe?® < 200),and(L,/d,) > 150 . The CHF for this region is given b
(BoRe, w/dn gion is given by
Bl yr = 1.16 x 1073 (We,,Cad8)~016 (2.24)

It is of importance to notice that Weber number is calculated in terms of average density, and the
gravity force effect was not considered in the proposed CHF correlation. The authors tested the
reliability of the proposed correlations in saturated CHF prediction compare to some selected
CHF correlation, they found that their correlations captured 95.5 % of the non-aqueous CHF
database with a MAE = 12.6 %, while predicted 93.5 % of the Water CHF database with a
MAE = 18.6 % within £30 % error bands.

Basu et al. [48] mvestigated experimentally the effects of mass flux, mlet sub-cooling,
saturation pressure, and channel size on the CHF of flow boiling of R134a in 0.5, 0.96, and 1.60
mm inner circular small tubes. The authors identified the CHF based on the sudden increase in
the wall temperature measured close to the tube exit. It has been found that the CHF increases
with mass flux, mlet sub-cooling, and tube diameter. On the other hand, it has been revealed that

the CHF decreases with the saturation pressures. Based on two flow pattern maps developed by
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Hassan et al. [88], and Revellin and Thome [75], the authors mapped their experimental data and
revealed that the CHF occurs in the annular flow regime for 0.96 mm, and 1.6 mm inner
diameter tubes, while it occurs in the slug flow regime for a 0.5 inner diameter tube. Using their
CHF data of R134a, and those measured by Roday and Jensen [138] for R123, the authors
proposed a CHF correlation that predicted the CHF with a MAE of 10 %. The proposed CHF

correlation is given by,

" oost L
(qCHF> — 03784 (p_g> (_h 508 (2.25)
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Ong and Thome [139] conducted similar series of experiments to study the effects of the
main parameters of the working conditions on the heat transfer coeflicient and CHF for flow
boiling in mni/micro-channels, including the influence of confinement number. They performed
their experiments for flow boiling of various working fluids, R134a, R236fa, and R245fa, in
1.03, 2.20, and 3.04 mm inner diameter tubes. The onset of CHF was identified based on the
rapid increase in the wall temperature. It has been found that the CHF increases with the mass
and heat fluxes. On the other hand, it was reported that the CHF increases by decreasing the tube
diameter and saturation temperature, and no significant effect of the mlet sub-coolng was
revealed. Regards to the effect of flow pattern on the CHF, it has been reported that all the CHF
measured were fallen in the annular flow regime. The authors proposed a new CHF correlation
based on the correlation of Wojtan et al. [45] considering the confinement effects, the proposed
correlation is applicable for flow boiling of the tested working fluids in mini/micro-channels
with a range of hydraulic diameter of 0.35mm <D < 3.04 mm , for mass fluxes 84 < G <
3736 [kg/m?.s], heated length to diameter ratios, 22.7 < (L,/D) <178, vapor to liquid
density ratios 0.024 < (pg/pf) <0.036, lquid to vapor dynamic viscosity ratios, 14.4 <
(uf/ ,ug) < 53.1, and heated-length-based liquid Weber number range of, 7 < We, < 20 x 10*,
and is given by,

0.062 —0.7

" 0.183
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f
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Where D,;, represents the threshold criterion for macro-to-microscale effects and can be written

D, == ? 2.27)
™ Co |g(pr —p,) '

with a confinement number Co=0.5.

as follows,

Del Col and Bortolin [140] mvestigated experimentally the CHF flow boiling of R134a,
R32, and R245fa n a 0.96 mm mner diameter circular mini-tube subjected to a non-uniform heat
flux. The method used for heating the test section was performed by supplying a hot water
around the test section. The applied heat flux increased axially along the test section. The
influence of the mass flux and reduced pressure on the CHF were considered for the range
0of 100 < G <900 [kg/m?.s] and 0.05 < p, < 0.34. Based on the rapid change in the standard
deviation of the wall temperature, the CHF was identified. The authors compared the obtained
CHF data with some CHF predicting methods, it has been indicated that the model of Revellin

and Thome [52] gave a good agreement with ther experimental data.

To better understand the effects of high mass flux on CHF in micro-channels, Kaya et al
[141] performed experiments for flow boiling of de-ionized water m micro-tubes with a range of
mner diameter of 249 <D <494 ym and for mass fluxes range of 20,511<G <
38,111 [kg/m?.s]. It has been found that the CHF increased with mass flux, and decreasing
tube diameter, and heated length to diameter ratio. They related the onset of CHF to the
departure of nucleate boiling mechanism (DNB) due to the high mass flux and low vapor quality
conditions. Moreover, they compared ther CHF data points with the correlations developed for
sub-cooled and low vapor quality flow, and proposed a new CHF correlation considering the
data of Kosar et al. [47] as well The proposed CHF correlation is applicable for flow boiling of
water in micro-tubes with mner diameter range 0.1 < D < 0.5 mm, and for a wide range of
mass flux 1,200 < G < 50,000 [kg/m?.s] and heated length to diameter ratios 7 < L,/D <
400 at low vapor quality conditions. Kaya et al. [141] correlation is given by,

—-0.72 0.2
" — Aufhfg (Lh> C eATsubi
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In recent years, there has been an increasing in investigations of CHF for saturated flow
boiling conditions. Tibirica et al. [50] mvestigated experimentally, the effects of working flud,
mass flux, saturation temperature, heated length, and ilet sub-cooling on the CHF for flow
boiling of R134a, and R245fa in a 2.2 mm inner diameter macro-tube. They carried out their
experiments for a range of mass flux of 100 < G < 1,500 [kg/m?.s] and for exit saturated
temperatures 25, 31, and 35 °C, and two different heated lengths, 154, and 361 mm. The onset of
CHF mechanism was identified based on the steep growth mn the wall superheating. It has been
revealed that the CHF increases by increasing the mass flux and inlet sub-cooling, while
decreases by increasing the saturation temperature, and heated length. They compared their CHF
data with the CHF correlations of Katto and Ohno [142], Shah [143], Zhang [44], and Ong and
Thome [139], and reported that Katto and Ohno [142] correlation gave the best agreement with
their data followed by the correlation of Ong and Thome [139].

There is evidence that inlet sub-cooling plays an important role n occurrence of CHF n
mini/micro-channels. Kim and Mudawar [132] pointed out that four various mechanisms that
may initiate and be responsible for the onset of CHF for sub-cooled flow boiling in mmi/micro-
channels. These mechanisms are categorized as separation of boundary layer; dry-out of sub-
layer; bubble crowding; and mterfacial lit off. Moreover, they mvestigated the CHF and dry-out
incipience vapor quality, x,;, for saturated flow boiling n mini/micro-channels. They attempted
to develop a generalized correlation for predicting the dry-out vapor quality by collecting 997
dry-out data points from 26 sources covering flow boiling of 13 working fluids in mini/micro-
channels with a range of hydraulic diameter 0.51 < D, < 6.0 mm and mass fluxes 29 < ¢ <
2303 [kg /m?.s], which corresponded to liquid Reynolds number ranges,125 < Ref < 53,770,
Boiling numbers, 0.31 X 107* < Bl < 44.3 x 107*, and reduced pressures, 0.005 < p, < 0.78.
The proposed correlation of dry-out incipience vapor quality is given by,

P 0.15 p 0.06
Xg = 1.4 WepBp2% — 150 (Bl—H) <—="> Ca®% (2.29)
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2.9. Two-Phase Heat Transfer Coefficient

Two-phase boiling heat transfer coefficient has been an object of research and interest for
several decades, since it is one of the most significant parameters for investigating the
characteristics of two-phase flow boiling, particularly, n mini/micro-channels. Therfore, a
considerable amount of researches for mvestigating two-phase heat transfer have been performed
in the last three decades. Some of these studies are experimental (e.g. Lie and Lin [120]; Choi et
al. [144]; Ong and Thome [97]; Bortolin et al. [26]), and some others are semi-analytical, (e.g.
Moriyama et al. [8]; Megahed and Hassan [12]; Consolini and Thome [145]). Consequently,
several predictions methods of two-phase heat transfer coefficients have been proposed. Table
(A-2) lists most of these methods which have been developed so far. Moreover, most of the
results of two-phase heat transfer coeflicient in the literature are presented versus vapor quality.
Furthermore, a largely debated question mn flow boiling in micro-channels is whether the heat
transfer coefficient increases or decreases with vapor quality. In his review, for flow boiling in
micro-scale channels, Ribatski [146] provided a table which describes the different trends of the
two-phase heat transfer coefficient in terms of vapor quality taking into account the effects of
main working conditions, mass flux, heat flux, and saturation temperature, as depicted in Table

(2-2).

Moriyama and Inoue [147] investigated adiabatic flow patterns, pressure drop and heat
transfer for two-phase boiling flow of R-113 in very narrow passages with size of 35 — 110 um .
They proposed a phenomenological model for two-phase heat transfer coeflicient prediction for
low vapor quality region (slug flow) and high vapor quality region (fim flow). In the shig flow
model, the authors neglected the interaction between elongated bubble and liquid slug while
considered the drag force effect. Thus, the model underestimated the experimental data that were
used for model validation. Moreover, according to their experimental results, a sharp rising in
heat transfer coefficient was observed in the single-phase region at low quality range [0.0 — 0.1],
while there was not a significant change in heat transfer coefficient in the two-phase region in
terms of vapor quality. Additionally, the order of magnitude of the two-phase heat transfer
coefficient was 2 to 20 times higher than that one of liquid single-phase flow.
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Table (2-2): various trends of flow boiling heat transfer coefficient versus vapor quality in
micro-channels, redrawn from Ribatski [146].

i.a)
Gy
h
3
X
G1>G2>G3

Heat transfer coefficient
Increases and dryout occurs at
lower vapor qualities with
increasing mass velocity.

i.b)
h‘ — GGG

X
G1>G,2>G3

Heat transfer coefficient almost

independent of mass velocity
and vapor quality until dryout.

Heat transfer coefficient Increases
with mass velocity, presents a
plateau at lower vapor quality and
increases with vapor quality at

i.d)
h WB
X
G1>G,>>G3

Heat transfer coefficient
almost independent of mass
velocity and its value
decreases with increasing

higher vapor qualities. vapor quality.
ii.a) ii.b) ii.c) ii.d)
q: q1 d: 1
o 2 BN " y " =
s /q/\ 2 as
X X X X
q1>92>q3 q1>02>q3 G1>q2>q3 q1>92>q3

Heat transfer coefficient
Increases with heat flux for low
vapor quality conditions, and
its value tends to converge at
high vapor qualities.

Heat transfer coefficient
Increases with increasing heat
flux and vapor quality until
dryout conditions.

Heat transfer coefficient Increases
with increasing heat flux and
presents a V shape with increasing
vapor quality.

Heat transfer coefficient
Increases with heat flux and
almost independent of vapor
quality until dryout.

iii.a)

h Tsan

—

X
Tsa <Tsa2<Tsat3

Heat transfer coefficient
Increases with saturation
temperature.

iii.b
h Tsat1
Ts
TsaB
X
Tsat1<TsatZ<Tsat3

Heat transfer coefficient
Increases with saturation
temperature for low vapor

qualities and its effect becomes

negligible for high vapor
qualities.

iv.a
Dy
h D
D
X

D1<D2<D3

Heat transfer coefficient Increases
with decreasing diameter until the
dryout vapor quality.
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Regards to the liquid-film region, the authors assumed that the liquid film thickness at the
upper and lower wall are equal, and the flow is lammar in the film region while it could be
laminar or turbulent for the vapor core. Surface tension effect was taken into account and the
heat transfer model was developed based on the liquid-fiim evaporation. Furthermore, the
average liquid film velocity, interfacial velocity, interfacial shear stress, two-phase multiplier and
two-phase pressure drop were derived and presented in terms of liquid film thickness to diameter
ratio, (8/d) for the film flow and elongated bubble regions. Their predicted values and the
experimental data were in a good agreement. The mterfacial shear stress T; was estimated using

Blasius formula based on the vapor relative velocity ug; to the mterfacial velocity u;.

_ cpe Mg (ug — u)* ™"

L= 2n+1(d — 28)n (2.30)
Where n is defined as
(1, ¢=24  for Re; <2042
"= {0.25, ¢ =0.079 for Re, = 2042 (2.31)

Wambsganss et al [111] carried out flow boiling experiments for measuring local
convective boiling heat transfer coefficient of R113 mn a 2.92 mner diameter horizontal tube.
They evaluated heat transfer correlations available in the literature, including Lazarek and
Black’s correlation [110], by comparing them with their heat transfer data base. They revealed
that the measured local two-phase heat transfer coefficient was independent of mass flux and
vapor quality, while significantly affected by the applied heat flux. Moreover, they identified the
slug flow boundaries based on the flow regime map proposed by Damianides and Westwater
[148] for water-air mixture. It has been reported that slug flow is observed in small channel for a
wider range than those in conventional size tubes, and the nucleate bubbles in liquid film are not

suppressed. Thus, the nucleation boiling is the dominant heat transfer mechanism in small

channels.

Tran et al [1] mvestigated experimentally heat transfer coefficient for nucleate boiling
flow in small compact heat exchangers considering three various working fluids (R113, R12, and

R134a). They proposed a correlation for predicting local heat transfer coefficient in terms of
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applied heat flux, propertiecs of working fluid, Boiling number, Reynolds number, and

confinement number. Their correlation is presented as follows,

hD C3
Nu = — = ¢;(Bl.Re,;.C0)* (p_y) (2.32)

ki P
the authors measured local two phase heat transfer data for rectangular, circular, and square
small channels and correlated the emperical parameters cl1, c2, and ¢3 as 770, 0.62, and 0.297,
respectively. They carried out their experiments for nucleate boiling region, where it was
distinguished by high heat flux and a superheat wall AT,,, > 2.7 °C. The proposed correlation
predicted fairly the majority of the local heat transfer data within =+ 15 %. The authors revealed
that the convective heat region is characterized by low mass flux, and low wall superheat, as well
as the high vapor quality. Furthermore, the effects of some essential parameters such as surface
tension and applied heat flux have been considered in this correlation. Consequently, it can be
used for nucleate boiling flow region in small compact heat exchangers. However, the nucleate

boiling conditions need to be defined for proper application of the correlation.

Yan and Lin [149] mvestigated the effects of heat flux, mass flux, saturation temperature,
and average vapor quality on heat transfer coefficient and pressure drop for flow boiling of
R134a in a horizontal 2.0 mm mner diameter tube. It has been reported that in the low vapor
quality regime, the evaporative heat transfer coefficient increased by increasing the heat flux.
Additionally, at low heat flux, the heat transfer coefficient increased by increasing mass flux and
saturation temperature. Moreover, the authors compared their heat transfer database with those
measured for large tube size (D, = 8.0 mm), and they reported that evaporative heat transfer
coeflicient for small tubes is about 30 to 80 % higher than that of large tubes. Furthermore, the
authors proposed a heat transfer correlation and friction factor correlation based on the measured

and collected database of the heat transfer and pressure drop.

Jacobi and Thome [114] proposed a heat transfer model of the elongated bubble in slug
flow regime mn micro channels. They considered the thin-film evaporation as a dommant heat
transfer mechanism. The model predicts the local heat transfer coeflicient for the elongated
bubble/liquid slug pair in a circular micro channel. The authors assumed the thin liquid fim is
uniform in the slig pair at a certain time. The obtained model is dependent of two unknown
empirical parameters that can not be estimated analytically; the mitial liquid film thickness &,
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and the nucleation critical radius r... The conduction-limited model of Plesset and Zwick [150]
was used to estimate the time required for creating two bubble/slug pairs and consequently
predicting the bubble frequency. In addition, the model was developed by applying the void
fraction equation, mass and energy conservation equations on the bubble/liquid slug pair. The
heat transfer to the lammar liquid slug was neglected compared to the elongated bubble. Thus,
the model considered the significance of the heat transfer only in the elongated bubble zone. The
model showed that the flow boiling heat transfer coefficient is dependent on the applied heat flux
while is independent of mass flux and vapor quality. Moreover, the authors confronted their
model to the experimental database of Bao et al. [21] obtained for R11, for itial liquid film
thickness 8, = 12.5 um and effective superheat of AT, = 28 K with the average relative error
less than 10 %. Further, they correlated other experimental data points for R — 12 performed by
Wambsganss et al. [111], the model predicted therr data with average deviation less than 13%
for AT, =23 Kand 8, =20 um. In general, the model was able to predict the effects of
saturation pressure pg,. , heat flux q, mass flux Gand vapor qualty x on the heat transfer
coefficient in the elongated bubble zone with a reasonable agreement with the experimental data

depending on the estimated values of AT, ,and 6.

Qi et al. [46] proposed a correlation for predicting two-phase heat transfer coeflicient in
terms of Boiling number, Bl, confinement number, C,, Weber number, We, pressure
dimensionless parameter, K,, and Lockhart-Martinelli parameter, X. Two major regions were
classifitd based on the dominated heat transfer mechanism using the critical vapor quality,
x = 0.3, as a criterion for defining the applicability of the proposed correlation. The dominant
heat transfer mechanism was defined based on the measured heat transfer data, and the mnfluence
of mass flux, heat flux on the heat transfer coefficient. According to their measured heat transfer
data, the authors reported that for the low vapor quality region, x < 0.3, the heat transfer
coeflicient is influenced by the applied heat flux, so the dominant heat transfer mechanism is

nucleate boiling, and the proposed correlation is given by,

Nqu — 105983Bl0454 We0.04-5 Kp0.106xo.107 CO—1.825 (233)
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On the other hand, for the intermediate and high vapor quality, x > 0.3, it has been noted that
the heat transfer coefficient is influenced by mass flux. Consequently, the dominant heat transfer

mechanism in this region is convection, and the heat transfer correlation is given by,

Nu'TP — 0.00423l_0'872 We—0.059 Kp0.293xo.065 C0—1.704 (234)

Where the pressure dimensionless parameter is expressed in terms of working fluid properties as

given by,

K, =p/[og(ps —p,)]"”’ (2.35)

Surprisingly, in therr results, it has been observed that two-phase heat transfer coeflicient

decreases by decreasing the tube size.

Thome et al. [151] proposed the three-zone flow boiling model for the elongated bubble
regime in micro-channels. The three zones are identified as the vapor slug, the elongated bubble,
and the liquid slug. The thin liquid film trapped between the elongated bubble and the channel
wall was modeled. In addition, the time-average local heat transfer coefficient of flow boiling in
slug flow regime was predicted by the model. The authors analyzed the heat transfer coeflicient
of each zone and calculated the time-averaged heat transfer coeflicient for one period of pair
generation . Originally, this time T was predicted using the model of Plesset and Zwick [150]
for bubble growth radius. Consequently, the slug pair frequency f is calculated as follows,

f _ 1/ _ plcplATsat 2 12a{l
= =

vahlvR T
Where «; is defined as the liquid fim diffusivity. A correlation for mitial liquid film &,

prediction was developed based on the correlation of Moriyama and Inoue [125], by adding an

(2.36)

empirical correction factor €5~ using R-113 database.

0.84

0 v
2=C5 |3 |5 [(0.07B0%*1)~8 4 0.178]"1/8 (2.37)

d U,d

Where v; is the kinematic viscosity of the liquid, U, is the pair velocity, and Bo is the Bond
number. By applying the energy balance for the thin liquid film, the wall dry-out time ty., , dry-
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zone equivalent length L the residence time of liquid sligt, and liquid fim ¢, were

dry>»
obtained. The partial dry-out was assumed to occur at the mmnimum thin liquid film§,,;,. Thus,
the local time-averaged heat transfer coefficient of the slug pair was identified as follows,

thr Y b (z) (2.38)

t te;
h(z) = ?1 h,(2) + % heum(2) +

Where the heat transfer coefficient for the liquid film zone hy;, (2) is predicted as,

hoo (2) = — f A M ( % ) (2.39)
i Z) = = n .
sim tfilm 0 5(21 t) 60 - 6end 6end

In general, the model contains three different empirical parameters which are difficult to be
estimated theoretically. These parameters are the minimum reasonable liquid film thickness that
the itial value of the liquid film thickness §,, and the bubble
frequency f. The minimum liquid film thickness significantly affects the heat transfer coefficient

is acceptable at dry-out .

min>

in the liquid film zone. According to the above equation in the logarithmic term when §,,,

e 0 (ie. the dry out occurs), then hg;p,, e 0o,

Dupont et al. [152] extended the work of Thome et al. [151] where the three-zone model
was compared with 1591 experimental points obtained for seven different fluids for circular
tubes with a various size range of 0.7 mm < D, < 3.1 mm. The Least Squared Error method
was used for obtaining new optimum values of the required three parameters §,,;,,, 6, and Cg,

which employed and showed an improvement in the model where more than 70 % of the
collected database were captured within + 30%. It has been demonstrated that the optimum
value of the pair frequency f,,, is mainly dependent of applied the heat flux and identified as
fopt = (q/ qref)nf where the reference heat flux ¢,.r is dependent of the reduced
pressure q,r = @ (Psqe /Derie)™@. It has been recommended to use the following optimum

values of the empirical parameters that give the best fit with above mentioned deviation and

5 qref = 3328(psat/pcrit)_0'5 ’ CSO =0.29 ’ 6min =

0.3um. In addition to the previous parameter optimizations, the authors discussed the effect of

1.74

captured percentage: fo,,, = (CI/ qref)

vapor quality, saturated pressure, mass flux and heat flux on the heat transfer coefficient based

on the proposed model and chosen experimental database. Moreover, the model showed a clear
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influence of the of heat flux and vapor quality on the heat transfer. The vapor quality zone is
categorized into three zones as (x < 0.12); (0.12 < x < 0.38) and (x > 0.38). It can be seen
that the heat transfer coefficient increases in the first two zones where it reaches the peak at the
end of second zone and the new trend observed here is the shifting peak toward the high vapor
quality when the heat flux increases as shown i Figure 2-5 for flowing R12 in d = 2.46 mm
channel. This was attributed to the effect of heat flux on the pair frequency, where the maximum
residence time of thin liquid film t;;,, and vapor ¢, affected by the heat flux variation. To
conclude, the study showed the sensitivity of the predicted values of the mnimum hLquid film
thickness to the predicted heat transfer coefficient for flow boiling. Thus, deriving a proper
correlation that precisely describes bubble frequency and its effect on heat transfer coefficient is

needed.

Ribatski et al. [153] studied the combined effect of elongated bubble frequency and flow
pattern on the heat transfer coeflicient for flow boiling in micro-scale passages. The work was
performed based on two main previous studies. The first is the three-zone model for the micro-
scale channels in elongated bubble/slug flow regime published by Thome et al [151]. The
second is the flow pattern map for convective evaporation inside the micro-scale channels
proposed by Revellin [90]. The flow pattern map was utilized to separate experimental database
of the Acetone of the elongated bubble regime and compared with that obtained by the three-
zone model using the new proposed values of the empirical parameters previously suggested.
Again, new values of the empirical parameters were optimized as follows, Cs, = 0.40, 6,,;, =
0.1 um, a, = 4653, n, = 1.70, n, = —0.5. It has been found that, for the chosen experimental
database, the three-zone model with the new proposed empirical parameters captured 90% of the
flow boiling database of the acetone within +30 %. However, The reason for the increase or

decrease of the proposed empirical parameters is still unclear.
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Figure 2-5: Variation of he at transfer coefficient with vapor quality for R12 in 2.46 mm channel at
different values ofheat flux Dupont et al. [152].

One of the major two-phase diabatic flow characteristics is bubble coalescence. A recent
work by Consolini and Thome [145] involved developing a one dimensional analytical heat
transfer model for coalescing bubbles flow in micro-channels subjected to a uniform heat flux.
The effects of bubble coalescing dynamics and the liquid slug mass fraction placed to liquid fim
during the coalescence were taken into account. The mterfacial shear stress was considered as a
dominant parameter controlling the thin film movement. However, the pressure drop effect on
liquid film thickness was not taken into account. The basic developed equation describes

transient film thickness variations in terms of flow direction,

5(t,z) =2 1

2.40
Tt 2phy, (2.40)
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Furthermore, two main relations describing the liquid film thickness variations at the tail and
nose of the bubble were developed. The model is mainly dependent of the transition vapor
quality boundaries (x, < x < x,). Where x. represents the vapor quality transition from isolated
to coalescence bubble flow regime, while x, represents the vapor quality transition from
coalescence bubble to annular flow regime. These boundaries were evaluated using the diabatic
flow pattern map developed by Ong and Thome [97]. The conditions where the liquid film
thickness is stable or unstable at the tail and the nose of the elongated bubble were analyzed and
discussed based on the value of the non-dimensional mass flux parameter .. The averaged heat

transfer coefficient model proposed is given by,

o X, — X B V(x,xc,xa)l 1-0,,
&) = (%) (pv) [(xa - x(b)l(]1 — n (1 = @2;) (2.41)

Where 0,., and O, are defined as follows:

(1—p)n? (1+ELx,)

k
0. — (_z) P (2.42)
1c D ®3C
p x, —x\ B
— I a —
o (1 wc)[ln (1+pvxc)+4Bl(xa_xC) ] 243)
2c — @
3c
W G p 2< Py )
03, =8— —x,— Y n* (1+—x 2.44
3c T vapv c c , c ( )

The simulated diabatic flow pattern boundaries for R134a were estimated as,

The obtaned model still includes some parameters that are estimated based on empirical
correlations such as the interfacial shear stress ; , maximum bubble frequency f,,,,, liquid slug
fraction placed to the liquid film¢&, frequency power exponent [, and dimensionless mass
flux, .. The model was confronted to 980 database points for coalescence bubble regime for
different refrigerants and fluids. The best results obtained by the model were for R134a data
pomnts, where 93 % of the database points were captured with + 30% error band. The obtained
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trend for the averaged heat transfer coefficient in this mode showed a decrease in heat transfer
coeflicient in the neighborhood close to coalescence vapor quality x. and then an increases when
the vapor quality increases as shown in Figure 2-6. The authors presented an expression for
bubble nose location with respect to time that can be extended for varying heat flux applications

and recommended for future researches.

In another major heat transfer mechanisms study, Thome and Consolini [116] studied
widely the heat transfer mechanisms and clarified the dommant heat transfer mechanism for flow
boiling in micro-channels. Meanwhile, the dominant heat transfer mechanisms were
demonstrated based on the flow pattern regime for flow boiling in micro-channels. It has been
reported that in the bubbly flow regime, the dominant heat transfer mechanism is nucleate
boiling and liquid convection, while n slug flow regime, the heat transfer mechanism may be
occurring through liquid film evaporation and convection to the liquid and vapor slig. In the
annular flow, the mechanism occurs by laminar or turbulent convective evaporation through the
liquid film, while in mist flow regime, the dominant mechanism is vapor-phase heat transfer with
droplet mmpingement. Moreover, several previous empirical heat transfer prediction methods,
developed based on macro-scale correlations and nucleate boiling as a dominant heat transfer

mechanism, have been reviewed.

It has been demonstrated that theses correlations are not applicable for micro-scale
channels because of the variation of heat transfer mechanism in micro-scale channels and
Reynolds number in previous correlations was obtained based on tubular Reynolds number not
on the liquid film. It has been reported that the surface roughness effects on the liquid film
thickness controls the minimum liquid film thickness allowed at the elongated bubble tail where
the dryness may occur. The authors used 1438 experimental data points for different fluids
obtamed by Agostini et al. [154] to test the three—zone model. The model captured 90% of the
data within + 30% when they used measured surface roughness 0.17 um instead of 0.3 um for
the silicon channel. While only 31 % of the database were captured withn + 30% for surface
roughness of 0.30 um.
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Figure 2-6: Variation of he at trans fer coefficie nt with vapor quality for different fluids,
Comparison the experimental data with those predicted by the model Consolini and Thome [145].

One of the essential parameters which may influence heat transfer characteristics for flow
boiling i micro-channels is surface roughness. Thus, several studies have been recently
performed considering the influence of surface roughness on the flow boiling heat transfer
characteristics. One of them was carried out by Mahmoud et al. [155] for flow boiling of R134a
m 1.1, and 1.16 mm mner diameter of various metallic vertical small tubes. The authors
performed their experiments at a constant mass flux of 500 kg/m?.s. A significant difference
in heat transfer mechanisms has been observed between the various metallic tubes due to the
mner surface effects. In the seamless cold drawn small tube, the authors concluded that the heat
transfer coefficient is independent of mass flux, and vapor quality while increases by increasing
the heat flux, thus, the dominant heat transfer mechanism is nucleate boiling. On the other hand,
mn the welded small tube, the heat transfer was dependent of the axial positon and a non-uniform
variation in heat transfer coefficient has been observed due to the manufacturing effects of the

mner surface.
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In a recent flow boiling experimental study, Oh et al. [156] investigated the effects of
mass flux, heat flux, saturation temperature, working fluid properties, and hydraulic diameter on
the flow boiling heat transfer coefficient n horizontal mini/micro-channels. They carried their
experiments using five different working fluids, R134a, R22, R410a, C3H8, and CO2, flowing in
0.5, 1.5, and 3.0 mm mnner diameter horizontal tubes with various heated lengths. Based on 1588
heat transfer data pomts, the authors proposed a new nucleate suppression factor, S, and
convective contribution factor, F, as a result, a new heat transfer correlation was mtroduced mn
the form of the superposition model which incorporates liquid heat transfer coefficient, hy, and

nucleate boiling heat transfer coeflicient, h The developed correlation for predicting two-

nbc*

phase heat transfer coefficient, h,,, is listed in Table (A-2). It is of importance to note that

tp»
Cooper’s corrlation is employed for predicting the contribution of nucleate boiling heat transfer

coeflicient h while the liquid heat transfer coeflicient was predicted based on the existing

nbc>
liquid phase heat transfer correlations. The new proposed correlation predicted the correlated

data with a mean deviation of 15.28 %.

Basu et al [157] carried out experimental investigation of flow boiling heat transfer of
R134a in 0.5, 0.96, and 1.6 mm inner diameter horizontal mini/micro-tubes subjected to uniform
heat flux, taking into account the effects of heat flux, mass flux, saturation pressure, tube size,
and vapor quality on flow boiling heat transfer coefficient for flow conditions corresponding to a
range for confinement number of 0.4< Co < 3.3. Moreover, seven heat transfer correlations
were assessed and employed to predict the measured heat transfer data. It has been noted that
two-phase heat transfer coefficient is lnearly increasing with heat flux and saturation pressure,
while insignificant effects of tube size and mass flux were reported. Regarding the influence of
vapor quality, the authors pointed out that an unclear relation between the vapor quality and two-
phase heat transfer coefficient can be concluded. Furthermore, due to an absence of flow
visualization and reliable flow pattern map, the authors did not define the dominant heat transfer
mechanism for the range of working conditions. Additionally, none of the seven assessed heat
transfer correlations worked well with the measured heat transfer database of the R134a, thus,
the authors modified the correlation proposed by Tran et al [16] to make more reliable
predictions with a MAE of 29 %.
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One of the most recent attempts to develop a flow boiling heat transfer model for more
than a flow pattern is the work conducted by Harirchian and Garimella [158]. They developed a
flow regime-based model of heat transfer and pressure drop for flow boiling in micro-channels
based on the comprehensive flow regime map proposed by Harirchian and Garimella [66] for a
wide range of channel size and experimental operating conditions for FC77. The authors focused
on providing flow-regime based models of heat transfer coeflicients and pressure drops for the
four common flow patterns. Firstly, for the bubbly flow, the authors presented Cooper’s
empirical correlation for pool boiling since it predicts the chosen experimental data very well
with MAE = 13.9%. Secondly, a physically analysis for local heat transfer coefficients was
performed for the confined annular flow, and the model captured the chosen data with MAE =
17.3 %. Thirdly, the same model developed for confined annular flow was wused for
annular/wispy-annular flow regime but after obtaining optimized values of the correction factor
for mterfacial friction factor where the data base were captured with MAE = 21.8 %. Fourthly,
the three-zone model of slug flow proposed by Thome et al. [151] was modified to be used for
the slug flow regime with MAE = 17.8 %.

In a recent experimental work for flow boiling of deionized water in a 0.5 mm mnner
diameter horizontal micro-tube, Lim et al. [7] mnvestigated the effects of working parameters on
two-phase heat transfer coefficient for a low vapor quality range,0.0 < x < 0.2. It has been
reported that the heat transfer coeflicient is basically affected by heat flux rather than mass flux,
and consequently the dominant heat transfer mechanism is nucleate boilng. Moreover, the
authors revealed that none of the existing heat transfer correlations was able to predict,
accurately, therr experimental data considering the effects of vapor quality. Therefore, they
proposed a heat transfer correlation, which predicted the measured data with a MAE of 7.2 %, n
terms of Boiling number, Bo, Reynolds number, Re, and modified Froude number, Cp,.. The
authors suggested that the transition to annular flow pattern occurs when modified Froude
number is less than or equal to liquid Froude number Cp, < Fr,. In general, the applicability of
this correlation, which listed n Table (A-2), is imited to x < 0.2.
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2.10. Two-Phase Pressure Drop

Several researches for predicting two-phase pressure drop in horizontal mini/micro-
channels have been done, and many predictive methods were proposed as listed in Table (A-3).
Moreover, some of them were performed for adiabatic two-phase flow conditions, (e.g. Field and
Hrnjak [159]; Revelln and Thome [3]; Kim et al. [160]; Li and Wu [74] ), while some others
were considered diabatic two-phase flow conditions, (e.g. Hashizume [161]; Lin et al [162];
Hahne et al. [163]; Tran et al. [16, 164]; Yan and Lin [149]; Yun and Kim [165]; Hwang and
Kim [166]; Park and Hrnjak [167]; Huh and Kim [168], Pamitran et al. [169]). Furthermore,
some two-phase pressure drop investigations were carried out for specific flow pattern regimes,
mtermittent flow such as Garimella et al. [79], or adiabatic slug flow as that performed by Orell
[170], or for various flow patterns as in Quiben and Thome [171]; and Cheng et al. [103], or for
annular flow regime in Cioncolini etal [172].

In 1991, Lin et al. [162] studied the frictional pressure drop for evaporation of R12 in
capillary tubes taking into account the effects of vapor quality and surface roughness. It has been
found that frictional pressure drop is higher than expansion pressure drop and the total pressure
drop increased by increasing the vapor quality specifically close to the capillary exit. Moreover,
the authors developed a correlation, as it is listed in Table (A-3), for predicting the total pressure
drop which was able to predict their 238 data points with a standard relative error of 15.3 %.
However, the proposed correlation is applicable for the low vapor quality regime which may not

be valid for elongated bubble and annular flow regime.

Fukano and Kariyasaki [36] mvestigated the characteristics of air-water two-phase flow
in capillary tubes considering the effects of pipe size (1.0, 2.4, 4.9 mm inner diameter), and
orientation (vertical-upward, vertical-downward, and horizontal). They revealed that for two-
phase flow in capillary size tubes, the flow orientation and gravity have insignificant effects on
flow patterns, and the liquid film thickness is uniformly distributed. On the other hand, the
authors reported the important influence of the sudden expansion of the liquid, which is observed
at the end of the air-bubble, on the total pressure drop. Moreover, they proposed a correlation for
predicting the pressure drop in capillary tubes taking into account the contribution of frictional

and expansion effects which is given as follows,
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Ap, = Aps + Ap, (2.45)

Where Ap, is the frictional pressure drop and evaluated in terms of superficial gas, j,, and

liquid, j;, velocities and characteristics of mtermittent flow as given by,

L(]g +jl)2Ll 2.4
= fF_Mg JUJ —l 46
=Ty (L, +1L) (240

And Ap, is the pressure drop due to liquid expansion, which is defined as,

Ap, = Wk (2.47)
Pe = (L, + 1) ’
Where w is defined by,
= Ug+i) =l = U + ) =] (2.48)
y(1 - O-’B)

The area void fraction is denoted as ay, and y represents the ratio of bubble length to slug unit

length, y = L,/ (L, + L,).

The above pressure drop correlation neglected the effects of working conditions and the
properties of the working fluids as well as the phase change on the pressure drop evaluation. This
limits its applicability to adiabatic air-water two-phase flow.

Mishima and Hibiki [173] studied the characteristics of adiabatic air-water two-phase
flow in vertical round capillary tubes considering the influences of working conditions on flow
pattern, void fraction, and frictional pressure drop. The authors correlated theirr experimental
pressure data based on Chisholm’s correlation, and proposed a new correlation for predicting
two-phase frictional pressure drop which is applicable to adiabatic two-phase flow in horizontal
and vertical flow with round and rectangular cross sections at the working conditions listed in
Table (A-3).

Tran et al. [164] experimentally investigated the two-phase pressure drop of flow boiling
of three various refrigerants, R-134a, R12, and R-113 in three different small channels, two are

round tubes with mner diameters of 2.46, and 2.92 mm and one is a rectangular channel with
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hydraulic diameter of 2.40 mm. The experiments were performed for range of mass fluxes from
G = 33 to 833 kg/m?.s and heat fluxes from 2.2 to 129 kW /m?. The authors evaluated five
correlations of two-phase frictional pressure drop prediction for large tubes, (D, = 8 mm),
where none of these correlations predicted their data of small channels for mass flux G >
150 kg/m?.s and vapor quality x = 0.6, where the annular flow pattern is usually experienced
in small channels. They suggested that the transition from annular to mist flow regime occurs
when x > 0.85. They reported that the two-phase pressure drop for flow boiling in small tubes is
greatly affected by the dynamics of the confined bubbles and the surface tension of the liquid
film trapped between the elongated bubble and the inner surface of the tube. Therefore, they
developed a new two-phase frictional pressure drop, Ap,, correlation based on Chisholm’s B-
coefficient method and considered the channel size effect by including the confinement
number, Co, i this correlation. Their developed correlation is represented n Table (A-3),
where Apg;,, 18 the frictional pressure drop of the liquid, and I'2 is the ratio between the pressure

gradient of the gas and that for the liquid.

Hwang and Kim [166] experimentally studied the two-phase pressure drop of R134a in
0.244, 0.43, and 0.792 mm mner diameter horizontal micro-tubes, taking nto account the effects
of mass flux, vapor quality, and tube size. It has been reported that two-phase frictional pressure
drop increases by increasing mass flux and vapor quality, while decreased by increasing tube
size. Furthermore, it has been found that the friction factor correlations of conventional size
predicted well the friction factor for micro-tubes. Moreover, the authors proposed a new
correlation for predicting two-phase pressure drop in micro-tubes in terms of Lockhart-Martinelli
parameter, liquid phase Reynolds number, and confinement number. The proposed correlation,
as is listed in Table (A-3), predicted the pressure drop experimental data of micro-tubes with an

absolute deviation error of 8.1 %.

Revellin and Thome [3] measured the two-phase frictional pressure drop for flow boiling
of the refrigerants R-134a and R-245fa in two micro-tubes with sizes of 0.509 mm and 0.790
mm. The authors plotted the two-phase friction versus two-phase Reynolds number and three
different zones were observed, laminar (Re;p, < 2000), transition (2000 < Re,p < 8000), and
turbulent zone (Re;p = 8000). Moreover, they proposed a new correlation for predicting the
two-phase friction factor for each tested micro-tube for the turbulent zone based on the

56



homogenous model by modifying the two-phase friction factor. The two-phase friction factor, for
each micro-tube tested, is expressed as follows:

(2.49)

{o.osRe;;/S ,D = 0.509 mm
TP

6.0Re;3’* D =0.790 mm

The proposed correlation captured 85.7 % of their experimental data within +20 % error band
and is limited for the tested conditions (Re,p = 8000).

Cheng et al. [103] have recently developed a flow pattern map for flow boilng of CO2
inside tubes and extended it to be applicable to a tube size range of D,, = 0.6 — 10.0 mm, mas

fluxes, G = 50— 1500 kg/m?.s, heat fluxes, ¢ = 1.8 —46.0 kw/m?, and saturation
temperature range of Ty,, = —28 to + 25 °C. Based on theirr flow pattern map, they developed a
phenomenological model for two-phase pressure drop prediction by correlating the friction factor
coefficient for each flow regime. The authors correlated the two-phase pressure drop data, Ap,,
of the annular flow as follow:

L pyul

Ap, =4f, —
pA fA Deq 2

(2.50)

Where D, is the equivalent diameter which is defined as D,, = \/4A/m, and f,, is the friction

factor coeflicient of the annular flow which is expressed as:

f1 = 3.128Re; 454 We 00308 (2.51)

It is of importance here to mention the correlation used to predict the vapor quality, x;,, at which

the flow pattern changes from intermittent to annular flow, which is represented as:

-1/1.75 -1/7 -
x14 = | 1.81/0875 (p—g> <”—f> +1
Py Hg

The authors reported that their model predicts the experimental data of the two-phase pressure

(2.52)

drop of the CO2 better than the other methods. However, the proposed flow pattern map was

57



developed based on the available CO2 data that was very limited due to the lack of experimental
work conducted for CO2.

Cioncolini et al. [172] collected an intensive set of two-phase pressure drop data, (3908
points), obtained for adiabatic flow in a wide channel size range from 0.517 mm to 31.7 mm
mner diameter, using the criterion proposed by Kandlikar [174] for classifying macro and micro-
channels and based on the flow pattern map developed by Hewitt and Roberts [175] for
identifying the annular flow regime. The authors assessed 24 methods of two-phase pressure
drop and thus, they proposed a new correlation for two-phase pressure drop prediction for
adiabatic flow in macro and micro-channels based on the vapor core Weber number which is
influenced by the annular liquid film estimation. The total two-phase pressure gradient was

expressed as follows:

2 2 2 _ 2 _ 2 _ 2
_(d_p G c d [ x e‘(1—x)* (1-e)*(1-x) 2.53)

=2fr, ==+ G*—|—+ +
dz)tpf_t ftppcd dz|pse py(1—¢) p(1-y)(1—¢)

+ [p,(1— &) + p,yelg sin(6)

Where €, y, and e are the void fraction, the liquid droplet hold-up, and the fraction of the liquid
droplets in the vapor core, respectively. All these three parameters can be estimated using the

proper methods available in the literature. While, the two-phase frictional factor f;,,, is predicted

for both macro and micro-channels based on the vapor core Weber number as follow:

0.172We 037 or Bo > 4.0
fep = 0372 0318 ! (2.54)
0.0196We, Re; for Bo< 4.0
Where, the vapor core Weber number is defined as:
GZD
We, = —= (2.55)
PcO

In order to choose the proper correlation for predicting f,,,, the authors adopted the criterion

proposed by Kew and Cornwell (1997) based on the Bond number, for defining the transition
from Macro, (Bo > 4.0), to Micro-scale, (Bo < 4.0). The new correlation predicted 100 % of
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the chosen data within a band error of +50.0 % and a MAE of 13.1 % compare to the other
tested correlations. Overall, the developed correlation depends strongly on the estimation of

vapor core Weber number which is mainly dependent of the prediction of liquid film thickness.

Tibirica et al. [176] experimentally investigated flow boiling pressure drop for R-134a in
a single horizontal micro-tube with mner diameter of 2.32 mm. They performed their
experiments at diabetic conditions with a range of mass and heat fluxes, 100 — 600 (kg/m?.s)
and 10 — 55 (kW /m?) respectively for inlet saturation conditions atT,,, = 31 °C. The total
pressure gradient was measured considering the lengths of the preheater and the test section,
while the frictional two-phase pressure gradient was estimated by subtracting the single-phase
pressure gradient from the total pressure gradient. They compared theirr experimental data to 13
two-phase pressure drop prediction methods and found that the method proposed by Cioncolini
et al. [172] for two-phase pressure drop in the annular flow gives better predictions.

Wu et al [177] have recently investigated the heat transfer and pressure drop for flow
boiling of the CO2 mn a horizontal micro-tube with a diameter of 1.42 mm and a range of mass
fluxes, 300 — 600 kg/m?.s, heat fluxes, 7.5 — 29.8 kw/m?, and a length to diameter ratio of
L/D = 211. Tt is revealed that the nucleate boiling heat transfer is dominant at low vapor
quality, (x < 0.2), where the two-phase pressure drop increases by increasing the heat flux. On
the other hand, at a moderate vapor quality, it was observed that the annular flow is predominant
and the nucleate boiling is suppressed by increasing the vapor quality. Furthermore, the
maximum frictional two-phase pressure drop was observed at transition zone, from the annular
flow zone to dry-out zone. The authors used the two-phase pressure drop correlation proposed by
Cheng et al. [103] to predict their experimental data, but it over predicted the data at higher
vapor quality(x = 0.7). Thus, they modified the correlation that predicts the friction factor

coefficient for mist flow zone which is expressed as follows:

£, = 2.214Re 0521 (2.56)

To better understand the effect of flow pattern on frictional two-phase pressure drop in
micro-channels, Choi and Kim [178] carried out an experimental work for mvestigating two-
phase frictional pressure drop of adiabatic flow of water-liquid/nitrogen-gas in a single

horizontal rectangular micro-channel considering the flow visualization for the working
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conditions listed in Table (A-3). The authors neglected the pressure drop due to the gravitational
and acceleration effects and considered that the total two-phase pressure drop can be represented
by frictional pressure drop. Thus, they measured the two-phase pressure drop for various
observed flow patterns which were classified into three basic flow configurations. Firstly,
bubbles flow zone (which covers the boundaries of bubbly, slug, and elongated bubble flows).
Secondly, transition flow zone, that represents transition from intermittent flow to annular flow
regime. Thirdly, liquid-ring flow zone which is observed in the annular flow regime. It has been
found that the frictional two-phase pressure drop is significantly influenced by the dominant flow
pattern. Consequently, the authors proposed pressure drop correlations for the observed flow
patterns based on therr experimental database and the assessment of previous correlations
available in the literature. The proposed correlations can be classified into two-groups according
to the considered two-phase model either homogeneous (HFM) or separated (SFM) flow model
In other words, the authors proposed correlations for predicting two-phase friction factor, f,,
based on viscosity models which are developed according to HFM taking nto account the effects
of channel aspect ratio, AR. On the other hand, they proposed correlations for predicting
Chisholm’s parameter, C, based on SFM to calculate the two-phase frictional pressure drop
multiplier as indicated in Table (A-3). Overall the new flow pattern-based correlations are

limited to predict adiabatic two-phase pressure drop in single rectangular micro-channels.

Magbool et al. [179] have conducted flow boiling experiments for investigating two-
phase pressure drop of Ammonia flow boiling in vertical small tubes. They performed the
experiments considering the effects of tube size, (D = 1.224 mm, 1.70 mm), saturation
temperature, (T,,, = 23,33,43 °C), mass flux, (G = 100 — 500 kg/m?.s), and heat flux, (¢ =
15 — 355 kw/m?), on two-phase pressure drop in vertical flow channels. Similar to several
previous studies, it has been shown that two-phase frictional pressure drop increases by
increasing mass flux and vapor quality as well as the saturation temperature. Furthermore, the
authors compared their experimental data points with some macro/micro two-phase pressure
drop correlations and proposed a new form of Tran et al [164] two-phase pressure drop
correlation for mini/micro channels by modifying the term that contains the confinement

number, C,, to be 0.2Co? as shown in Table (A-3). Moreover, surfice tension becomes

0’

significant when (C, > 1.0) which was the case in their study. It has been reported that the
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developed correlation predicts all of their ammonia data with a mean absolute deviation

of MAD = 16.0 %.

Lim et al [180] carried out two-phase flow boiling experiments for mvestigating
frictional two-phase pressure drop in a 0.5 mm hydraulic diameter horizontal rectangular
mmy/micro-channel. The authors performed therr experiments for the working conditions listed
in Table (2.3). Moreover, they assessed some previous correlations for predicting two-phase
frictional pressure drop, which are Mishima and Hibiki [173]; Yu et al. [181]; Qu and Mudawar
[182]; Lee and Mudawar [183]; Choi et al. [184]; and Lee and Garimella [185]. It has been found
that the correlations of Lee and Garimella [185] and Choi et al. [184] are in good agreement with
the tested experimental data of mni/micro-channel flow boiling compared to the other tested
correlations. Moreover, they proposed a new correlation, in the form of Chisholm’s constant,
which was able to predict their experimental data with a MAE of 3.9 %. Overall, the proposed
pressure drop correlation is limited to low vapor quality region which cover the range 0.0 < x <

0.2.

In a recent study, Del Col et al. [186] have mvestigated the characteristics of two-phase
flow of Propane (R290) n a 0.96 mm mner diameter single horizontal micro-channel. The
authors investigated two-phase frictional pressure drop at adiabatic conditions and two-phase
heat transfer flow boiling and condensation. They carried out ther experiments for a range of
mass flux, (100 < G < 1000 [kg /m?.s]), and heat flux of 10 < q,, < 315 [kW /m?], which
corresponds to a range of vapor quality, (0.05 < x < 0.6), and confinement number, (1.27 <
Co<1.29]). It has been found that heat transfer coefficient of Propane is significantly
influenced by the applied heat flux, while minor effects of mass flux and vapor quality have been
noted. Furthermore, they compared their experimental pressure drop and heat transfer flow
boiling and condensation data base with the existing prediction methods, and it has been shown
that none of the existing flow boiling approaches was able to predict their R290 data points for

two-phase flow in micro-channels.
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2.11. Summary and Objectives

A detailed literature review for two-phase flow in horizontal mini/micro-channels under
diabatic and adiabatic conditions has been provided. Three essential topics have been focused on,
which are critical heat flux, two-phase heat transfer coefficient, and two-phase pressure drop for
flow boiling i a single min/micro-channel subjected to a uniform heat flux.

2.11.1. Summary

According to the literature review provided above, it appears that two-phase flow in
mini/micro-channels is a hot topic with several industrial and medical applications. Moreover, it
has essential features which need to be well investigated for a better understanding of two-phase
flow phenomena in min/micro-channels. The above literature review can be summarized as

follows:

1. It has been proved that evaporative heat transfer coefficient of small channels is about 30 to
80 % higher than large channels.

2. Several criteria for identifyng differences between conventional size and mini/micro-scale
size have been addressed, and it has been found that the channel can be categorized as
mini/micro-channel for confinement number Co > 0.5.

3. Critical heat flux, two-phase heat transfer coeflicient, two-phase pressure drop, void
fraction, and flow pattern maps are considered to be the main parameters required for
studying and design flow boiling mini/micro-channel heat sinks.

4. Investigation of liquid film characteristics is the key parameter for predicting heat transfer
coeflicient, partial dry-out, and critical heat flux in slug and annular flow regimes.

5. Surface tension, viscous, inertial, and shear forces effects play a key role in horizontal
mini/micro-scale channels, and have a significant effect on liquid film thickness. While
gravity force can be neglected. Moreover, the dominant force is dependent on the specific
flow pattern.

6. Several flow patterns for flow boiling in horizontal mini/micro-channels have been
observed, but basic flow patterns can be identificd which are bubbly flow, slug flow, and
annular flow regime.
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7. Available flow pattern maps for flow boiling in horizontal mini/micro-channels are very
limited and a global flow pattern map is needed. Furthermore, prediction of transition
boundaries of flow patterns is still challenging due to flow mstability.

8. Two major heat transfer mechanisms are studied and reported, nucleate boiling and
convective boiling heat transfer mechanism, which are dependent on the flow pattern. In
other words, it has been reported that nucleate boiling dominates at low vapor quality
region, while convective boiling dominates at ntermediate and high vapor quality region.

9. Extensive and comprehensive investigations and researches have recently been performed
for two-phase flow i min/micro-channels. However, most of researches were performed
experimentally rather than analytically, which lmits the applicability of the proposed
methods for predicting the essential parameters of flow boiling in mini/micro-channels.
Therefore, developing an analytical flow boiling model is highly needed.

10. An obvious difference in heat transfer coefficient has been reported between
conventional and small channels. Therefore, the prediction methods developed for two-
phase conventional size channels are not applicable to two-phase mini/micro-channels.
Moreover, discrepancies among mini/micro-scale predictive methods have been reported
and still not fully clarified.

11. Very limited studies have taken into account some essential flow boiling phenomena, such
as bubble confinement, bubble coalescence, and flow instability for mvestigating flow
boiling characteristics in mini/micro-channels. Furthermore, there exist a lack i
experimental data for flow boiling i horizontal min/micro-channels with nner

diameter D < 0.5 mun, particularly for isolated bubble zone.

2.11.2. Objectives

The main objective of this thesis is to investigate the characteristics of two-phase flow boiling in
annular and slug flow regimes, and to provide a reliable predictive method for predicting the
critical heat flux, heat transfer coeflicient, pressure drop, and void fraction in horizontal micro-
tubes under uniform heat flux. This has been done through achieving the following consecutive

sub-objectives:
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1.

Developing a semi-analytical model for predicting the liquid film thickness in annular
flow regime during two-phase flow boiling in a horizontal micro-tube. This stage was
essential to study the incipience of the dry-out phenomenon and to predict the critical heat
flux.

Developing a model to predict the two-phase heat transfer coefficient, pressure drop, and
void fraction in annular flow regime. Effects of phasic enthalpies, viscous force, mnertial
force, and liquid film evaporation were considered n modeling. Following, the influence
of the main operating conditions, working fluid properties, and channel size on the model
results, were investigated.

Developing a semi-analytical model to study the bubble dynamics, bubble length, and
bubble frequency in the slug flow regime based on the drift flux model, for a better
understanding of flow boiling phenomena in mini/micro-channels. Extensive experimental

data available i literature was used for validation of the developed models.
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3.1. Abstract

Dry-out is an essential phenomenon that has been observed experimentally in both slug
and annular flow regimes for flow boiling im mini and micro-channels. The dry-out leads to a
drastic drop in heat transfer coefficient, reversible flow and may cause a serious damage to the
micro-channel. Consequently, the study and prediction of this phenomenon is an essential
objective for flow boiling in micro-channels. The aim of this work is to develop an analytical
model to predict the critical heat flux (CHF) based on the prediction of liquid film variation in
annular flow regime for flow boiling in a horizontal uniformly heated circular micro-tube. The
model is developed by applying one-dimensional separated flow model for a control volume n
annular flow regime for steady, and stable saturated flow boiling. The influence of interfacial
shear and inertia force on the liquid film thickness is taken into account. The effects of operating
conditions, channel sizes, and working fluids on the critical heat flux (CHF) have been
mvestigated. The model was compared with 110 CHF data points for flow boiling of various
working fluids, (Water, LN2, FC-72, and R134a) mn single and multiple micro/mini-channels
with diameter ranges of (0.38 < D, < 3.04 mm) and heated-length to diameter ratios in the
range of 117.7 <L,/D < 470. Additionally, three CHF correlations developed for saturated
flow boiling in a single micro-tube have been employed for the model validation. The model
showed a good agreement with the experimental CHF data with MAE= 19.81 %.

Keywords: saturated flow boiling, liquid film, critical heat flux, annular flow regime.
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3.2. Introduction

Dry-out is an important phenomenon which represents the critical heat flux (CHF)
mechanism for flow boiling in micro-channels. It has been described early in the literature with
various definitions as dry-out, burn-out, or critical heat flux as stated in Kandlkar [134]. It is
very crucial to understand CHF phenomenon in order to study its effects on flow boiling heat
transfer in min/micro-channels. Furthermore, one of the most significant investigations of
saturated CHF is to predict the maximum cooling capacity of the cooling devices that employ
saturated flow boiling micro-channels. Several researches and mvestigations for studyng CHF
phenomenon in mni/micro-channels have been carried out, but the available CHF data and

correlations are still not enough to provide thorough interpretation for CHF mechanism.

Katto [187], studied experimentally and analytically the relation between CHF and inlet sub-
cooling liquid enthalpy AH; for forced convection boiling in vertical uniformly heated round
tubes. He attempted to develop a generalized correlation for CHF prediction by analyzing the
CHF experimental data for seven different fluids. It has been revealed that four different CHF
regimes exist and a CHF regime map was developed in terms of the dimensionless parameters
(op;/G?1) and (1/d). The CHF regimes are classified into four regimes called as L, H, N, and
HP CHF regimes. The generalized CHF correlation has been revised later by Katto and Ohono
[142] mn order to be applicable for wider range of operating conditions. Considering inlet
subcooling effects, exit vapor quality X,,;; was defined in terms of CHF n Katto [187] as,

4q. L Ah;

X exit =ij;5—@1 3.1)

Qu and Mudawar [43] studied experimentally the CHF for flow boiling of the water in a
micro-channel heat sink consists of 12 parallel rectangular micro-channels with cross section
0f215 X 821um? for measuring new saturated CHF database and developing a new CHF
correlation. Although the experiments were performed with upstream instability control throttle,
a vapor backflow was observed when the heat flux reaches the CHF. Furthermore, the inlet
temperature and mass flux effects were taken into account. A significant mass flux effect on the

CHF has been reported. In fact, the CHF increased monotonically by increasing the mass flux
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while the inlet temperature did not show any effect on the CHF. This may be attributed to the
back flow that affects the mlet temperature effect. The proposed saturated CHF correlation was
developed based on the CHF data of water and R-113 for rectangular and circular mini/micro-
channel heat sinks respectively. A similar form of the CHF correlation proposed by Katto and
Ohno [142] was adopted since it has been recommended for saturated CHF prediction for flow
boiling in single circular mini-channels, but without considering the inlet sub-cooling effect. The
new CHF correlation is listed in Table (3.1). This correlation was compared with 42 CHF data
pomts collected for flow boiling of water and R-113 for channel sizes ranges of 380 pm < D}, <
2540pm, and gave a good agreement with the experimental data within a band error of +20 %
and MAE = 4.0 %.

Understanding the mechanism of CHF is very crucial particularly, for micro-channel heat
sinks designed based on saturated flow boiling. Moreover, a shortage in CHF data for stable
conditions still exists. Bergles and Kandlikar [188] highlighted some CHF researches done for
unstable conditions for flow boiling in micro-channels considering the instability effects on the
CHF. It has been revealed that annular flow is the dominant flow pattern where the CHF may
take place for flow boiling in micro-channels. Additionally, they recommended to consider the
importance of flow and thermal conjugate effects for more reliable CHF database as well as to
create a new saturated flow boiling CHF data for stable conditions. However, this is one of the
CHF experimental difficulties in mini/micro-channels.

Further CHF investigations for flow boiling in micro-channels have been done recently
considering various working fluids and heat transfer mechanisms. Qi et al [46] studied
experimentally the flow boiling heat transfer and CHF characteristics for liquid Nitrogen (LN,)
flowing in micro-tubes for four different sizes Dy, = 0.531, 0.864, 1.042, and 1.931mm. The
CHF was predicted based on a sudden raise in inner wall temperature and a drastic drop in the
local heat transfer coefficient which was observed at the end of the tested micro-tubes. The
obtained new CHF data points were compared with the CHF correlations of Zhang et al. [44] and
Katto [187]. Both correlations underestimated the CHF data thus, the authors developed a new
CHF correlation as listed in Table (3.1), based on Katto [187] correlation, considering the tube
size effect for better CHF prediction. The new CHF correlation predicted the CHF data for the
liquid nitrogen with MAE = 7.38 % within an error band of £30 %.
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Table (3-1): CHF Correlations for flow boiling in mini and micro-channels.

Author Correlation Conditions
Qu and Mudawar [43] (GEL ) — 3343 (%)1‘11 We-021 (%)_0'36 21 Rectangular micro-channels 215 X 821 um,
fg f

Wojtan et al. [45]

Qi et al. [46]

Wu & Li [137]

Ong & Thome [139]

Chen and Garimella

[189]
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1+0.03(L/D)

0.38 mm < Dy, < 2.54 mm

CHF data for Water and R-113 in heat sinks are used
R134a,R245fa

0.5mm <Dy < 0.8mm, 25<L/D <141

293 < We < 21,044

Based on the correlation of Katto [187]

Weber number is calculated in terms of heated-length
properties are estimated at the outlet of the channel.
for (L,/d,, < 150) & (BoRel> < 200.00)

for (L,/d,, > 150) & (BoRel> < 200.00)

Dy = = /G/g(pf— pg) ,Co = 0.5

For flow boiling in micro-channel heat sinks
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Wojtan et al [45], studied experimentally the effects of mass flux, inlet sub-cooling,
heated length, working fluid and channel size on the saturated CHF in individual micro-channels.
It has been demonstrated that all the previous parameters have significant effects on CHF except
the inlet sub-cooling which did not show a clear effect on the CHF. The authors measured 34
new CHF data points for flow boiling of R134a in 0.5 mm and 0.8 mm heated uniformly micro-
channels at quite wide experimental conditions. The CHF correlations of Qu and Mudawar [43]
and Katto and Ohno [142] have been employed to predict the new CHF data. Katto and Ohno
[142] correlation captured 40 % of the CHF data with a band error £15 % and MAE of 32 %.
On the other hand, Qu and Mudawar [43] correlation overpredicted the new saturated CHF data,
however it gives similar trend. Thus, the authors, proposed a new version of Katto and Ohno
[142] correlation for saturated CHF prediction only for annular flow and for (p,/p,) < 0.15.
The modified correlation which is listed in Table (3.1) captured 82.4 % of their CHF database
with a band error of +15 % and MAE of 7.6 %. The critical vapor quality X, that represents the
transition from annular to dry-out flow pattern is calculated based on saturated CHF and defined

as follows,

X = d. 4Lh
crit G(hfg + hsub) D

(3.2)

Turning to the analytical CHF models which have been developed for flow boiling in
micro-channels, it can be seen that the mvestigations of CHF condition for flow boiling in micro-
channels have been more experimental than analytical Kandlikar [9] developed a theoretical
CHF model for pool boiling in micro-channels by considering the effects of the surface-liquid
mteractions. The mterfacial forces, which are parallel to heater surface and induced due to the
evaporation of the liquid phase, have been taken into account for the CHF model. The author
considered the effect of other forces, such as surface tension and gravitational forces, but
recognized the CHF condition when the effect of the force of the momentum of the evaporation
suppresses the effect of gravitational and surface tension forces. The model was applicable for
prediction CHF conditions for saturated pool boiling of water, refrigerants, and cryogenic liquids

for vertical and horizontal surfaces.

Kosar [190] has recently developed a simple analytical model for predicting CHF for

flow boiling in mini and micro-channels. The approach used in developing the model was based
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on the mass balance between the entrained liquid droplets in the vapor core and the liquid film in
the annular flow regime. The model was compared with 151 CHF data points for low pressure
refrigerants and water for mass fluxes range of 50 to 1600 kg/m?.s. The comparison showed a

good agreement with the CHF experimental data with (MAE=25.8%)

Kandlikar [191] developed a theoretical CHF model based on a scale analysis considering
the effect of additional forces induced due to the evaporation and instability at the liquid-vapor
mterface. It has been revealed that the evaporation momentum force controls the CHF condition
and as the channel size decreases, the gravity force decreases and the viscous force is dominant. .
Moreover, the surface tension force becomes more significant for micro-tubes with hydraulic
diameters Dy, < 200 pm. The model predicted 75 % of CHF data obtained for flow boiling in
tubes with a diameter range of (0.127- 3.36 mm) with (MAE=19.5 %).

Revellin and Thome [52] developed a theoretical CHF model for flow boiling in a single
horizontal micro-channel uniformly heated. The model was developed based on conservation
equations of the two-phase separated flow model considering the influence of interfacial waves
of the annular liquid fim. The CHF was defined based on the liquid film thickness and the
mterfacial wave height. In other words, the critical film thickness was modeled based on Kelvin-
Helmholtz critical wave length A, at the channel outlet where the dry-out occurs. The obtained

correlation involved the effects of gravity and surface tension is identified as,

5 =CR (‘Lg)jl <M>K1 (3.3)

uf o

Where R is the mternal radius of the tube, C,j,, and K; are parameters estimated based on the
CHF database. It can be noted that the term in the right brackets represents the ratio between
gravity and surface tension forces. However, in horizontal micro-channels the gravity effect does
not have a significant role since the stratified flow is not a micro-channel flow pattern as has
been proven in previous works by Triplett et al [70] and Serizawa et al [192]. The model was
tested with CHF experimental data points obtained for four different fluids at wide range of
channel sizes D, = [0.215 to 3.15 mm], mass fluxes range of [29 to 1600 kg/m?.s], various
heated length [10 to 126 mm], and inlet sub-cooling range [2 to 77°C]. The model predicted
90 % of the tested data with the error band +£20 % and MAE 0f9.3 %. The best values for the
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parameters C,j; and k; in Eq. (3.3), proposed by the authors are 0.15,—3/7 and —1/7,
respectively. The CHF Results showed that the CHF increases by increasing the mass flux, the
channels size and the mlet sub-cooling AT, while decreases by increasing the channels heated
length.

Wu and Li [137], studied the effects of heated length to heated equivalent diameter
ratio(L,,/d,) on the saturated CHF in mini/micro channels. They found that the Boiling number
at CHF, Bl decreases greatly by increasing (L,/d,) at low vales of (L,/d,). A new
criterion (BoRe{"5 < 200.00) was adopted to identify the macro-to-micro-scale region. The
authors compiled 1672 saturated CHF database points for flow boiling of various refrigerants
and water in mini and micro-channels. The threshold value of (L,/d, = 150) was reported as
there is no significant effect of L,/d, on saturated CHF beyond this value. In general, the
compiled database was divided into two main regions and a new CHF correlation was proposed
for each region as presented in Table (3.1). Furthermore, the effects of mertia, viscous and
surface tension forces were taken into account and represented by the non-dimensional
groups (We,,Cal®). The gravity force effect was not considered in the proposed CHF
correlation, however many of correlated data corresponded to macro-scale region where the
gravity effect has a significant influence. The authors tested the proposed correlations reliability
in saturated CHF prediction compare to some selected CHF correlation, they found that their
correlations captured 95.5 % of the non-aqueous CHF database within a +30 % error band and
MAE = 12.6 %. While predicted 93.5 % of the Water CHF database within a +30 % error band
and MAE = 18.6 %.

Ong and Thome [139] investigated the effects flow pattern, surface roughness, mass flux
and fluid properties on flow boiling heat transfer coeflicient and CHF in mini and micro-
channels. They have developed a new CHF correlation which is able to predict the CHF i
circular and rectangular single and multiple channels for the non-aqueous fluids R134a,R236fa,
R245fa. Ther CHF correlation and their experimental conditions are listed in Table (3.1).
Moreover, the gravity force has a significant effect, but its influence decreases by decreasing the
channel size. Ong & Thome [39] in another work, they investigated the channel confinement
effect on the flow pattern for the flow boiling in micro-channels. They observed that when the
confinement number, Co = 1.0, the gravity force effects are completely suppressed and shear
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and surface tension become dominant. In this work the range of the confinement number of the
data used to test the present model is 0.3 < Co < 6.3, as shown in Table (3.2). It can be seen that

majority of the data of all working fluids tested are for Co = 0.8.

There are many studies have been done for clarifying the dominant flow pattern for flow
boiling in horizontal and vertical micro-channels, such as Qu and Mudawar [193], Revelln and
Thome [75], Ong and Thome [39], and Kuznetsov et al [194]. Qu and Mudawar [193] verified
that the annular flow is a dommant flow pattern n micro-channels at high heat flux conditions.
According to the flow pattern map developed by Revelln and Thome [75] and improved later by
Ong and Thome [39], it can be seen that the majority of data conditions which were used in

testing the present model are fall in the annular flow regime.

Table (3-2): Range of Confinement number of the data used to test the present model.

Working Hydraulic diameter, Confinement
fluid D,, [mm] Number, Co
Water 0.427 6.300
R134a 0.500 1.640
0.800 1.025
1.030 0.800
2.200 0.373
3.040 0.270
LN2 0.531 1.950
0.834 1.240.
1.040 0.990
1.931 0.536
FC-72 0.889 0.920

Chen and Garimella [189] conducted an experimental CHF work for flow boiling of FC-
77 m a silicon test die. The test section has a size of 12.7 mm X 12.7 mm X 0.373 mm and

contains 60 parallel micro-channels, each has a size of 100 pm X 387 pum. The CHF was
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measured for a mass flux range of253.7to 1015.0 kg/m?.s. A new CHF correlation was
proposed based on 49 CHF data points of five different experiments for three various working
fluids, water, R-113 and FC-77. The new proposed CHF correlation predicted the selected CHF
data points with the MAE = 7.67 %. It has been reported that the CHF affects the pressure drop
trend in parallel multiple micro-channels where a decrease in pressure drop was observed when
the CHF occurs. The authors attributed that to the abrupt decrease in flow rate through all of the
micro-channels due to the accumulated bubbles which block the channel in the upstream.

It has been revealed in previous flow boiling studies that the annular flow is dominant in
micro-channels. Jiang et al. [195] conducted an experimental work for flow boiling visualization
in micro-channels and observed a stable annular flow with entrained liquid droplets at high heat
flux. Zhang et al. [196] have also verified that the annular flow pattern is mostly dominant for
flow boiling in micro-channels. Qu and Mudawar [193] mvestigated flow boiling of water in
micro-channel heat sinks and they revealed that at high heat flux a stable annular flow was
observed. However, the flow instability in the previous studies has been experienced and found
to have a clear effect on the flow pattern. Recently many studies have been done for controlling
the flow instability for flow boiling in micro-channels, such as Lee et al. [197]. They have
mvestigated the effect of mlet restriction (orifice) on the flow instability in single and multiple
micro-channels. It has been reported that the inlet orifice can reduce the flow instability and

provide a stable flow pattern for flow boiling in micro-channels.

The annular flow is represented by the liquid film trapped between the vapor core and the
mner surface of the channel In the separated flow model, the conservation equations are applied
for each phase separately. Among the two-phase flow models, it has been proven that the
separated flow model can be applied properly to the annular flow in micro-channels (Moriyama
and Inoue [147] and Ghiaasiaan [198]). Thus, in this paper, separated flow model principle is
considered for modeling the two phase flow boiling in a horizontal micro-channel for annular
flow regime. The liquid film variation is predicted in terms of applied operating conditions. The
CHF is predicted based on the critical liquid film thickness value which is considered here to be
equal to the roughness of the internal surface of the micro-tube. The model basic equations are

solved numerically using Runge-Kutta method.
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3.3. Model Analysis

The schematic of the annular flow pattern shown mn Figure 3-1 is used to derive the
equations of the present model. The main dependent variables considered in this model are the

liquid film thickness §, the liquid film velocity us, the core vapor velocity ug, and the pressure p.
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Figure 3-1: (a) schematic diagram of an annular flow pattern. (b) a symmetric sketch of the

chosen control volume for applying mass balance. (c) a symmetric sketch shows the forces applied
on the control volume.
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By applying a uniform heat flux to external surface of the micro-tube, the heat transfers to the
liquid film through the channel wall and the evaporation rate at the liquid/vapor interface
increases till the liquid film reaches the critical value. Before deriving the model basic equations,

the following set of assumptions have been considered:

1. The flow boiling is considered as a one dimensional steady state and fully developed flow.
Thus, the dependent variables adopted vary only in axial flow direction.

2. The dominant flow pattern for flow boiling n micro-tubes is the annular flow.

3. The dominant heat transfer mechanism in the annular flow regime for flow boiling in micro-
channels is the thin film evaporation.

4. The liquid film thickness is very small compare to the hydraulic diameter of the micro-tube.

5. The CHF is identified when the liquid film thickness reaches the critical value 6, which is
considered here to be equal to the internal surface roughness of the micro-tube.

6. The micro-tube is subjected to a circumferential and axial uniform heat flux.

7. As the channel size decreases, the gravity force effect decreases. Thus, in the present model
and in the range of D, < 3mm tube diameter, the gravity force effect is neglected.

8. No entrained liquid droplets exist in the vapor core and no nucleate bubble exists in the liquid

film in the annular flow regime for flow boiling in micro-channels.

It is of importance here to explain the base of adopting the assumption No. 5. A partial dry-
out may occur even when the liquid film thickness is greater than the surface roughness, but not
a complete dry-out. According to some previous flow boiling studies in micro-channels such as
Hazuku et al. [126], Agostini et al. [154], and Ong and Thome [39], it has been justified that the
CHF occurs when the liquid film thickness decreases lower than the surface roughness. Hazuku
et al [126] justified that the minimum liquid film thickness is lower than 1 pm in slug and
annular flow regime. Considering the critical liquid fim thickness to be equal to the mnner
surface roughness gave a good agreement with the experimental heat transfer data when the
three-zone model was employed by Ong and Thome [39]. However, in the three-zone model, the
critical liquid film thickness of the dry-out was suggested to be lower than the surface
roughness =~ 0.3um. Although this was applied to the elongated bubble zone, it would be more

reasonable to be adopted in the annular flow regime.
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It is known that the surface tension has a significant role which influences the evaporation
process for flow boiling in micro-channels, but its effect becomes more important when
considering the existence of nucleate bubbles in the liquid film in the annular flow. The reason
for neglecting the surface tension force in the basic equations of the present model is for model
simplification. Furthermore, no nucleate bubbles exist in the liquid film and the liquid film is
considered to be driven by the effect of the shear force. The surface at the liquid-vapor interface
is considered to be smooth. On the other hand, the effect of the surface tension on the prediction
of the mitial liquid film thickness is taken mto account in the correlations employed in the

present model.

In addition, two more pressure effects were not taken into account in the model analysis,
the capillary and disjoining pressures. We believe that Capillary and disjoining pressures have
more significance in the slug flow regime than the annular flow regime, where they affect the
curvature of the liquid film and the meniscus. Moreover, the disjoining pressure effect becomes
clear if a 2D model is developed. While only the axial pressure gradient is considered for both
vapor and liquid phases in this model. Considering the above assumptions and applying the
mass, momentum, and energy conservation equations for each phase to the differential element

shown in Figure 3-1, six basic equations are derived as follows,
3.3.1. Mass Conservation Equations

The mass balance is applied for each phase in the chosen control volume as shown in

Figure 3-1-b, in order to obtain the mass conservation equations.

4 [peus8(D—8)] = —I'(D— 25) (3.4)
dz

: 2| = 3.5
o [pgug (D — 28)2] = 4T'(D — 28) (3.5)

Where I' is the rate of evaporation of the liquid film at the liquid-vapor mnterface per unit surface
area. Based on the vapor mass equation, Eq. (3.5), I' can be identified in terms of liquid film

thickness and vapor velocity gradients as follow,
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dé  p, du,
- _ —+%9p— -9 3.6
I'= —pgug——+7F(D = 28) — (3.6)
Substituting I' in Eq. (3.4) by Eq. (3.6) and rearranging the equation in terms of the gradient of
the main dependent variables, the mass conservation equation of the whole mixture can be

written as,

5(D - &) du,

3.7
D —28 dz S

dé 1 dug
(pgug_pfuf)E_Zpg(D_ 26) dz ~Pr

3.3.2.Momentum Conservation Equations

The acting forces on the chosen control volume on both liquid film and vapor core phases
are shown in Figure 3-1-c, two forces were neglected here, the body and virtual mass forces. The
virtual mass force is a transient force that proportional with kinetic energy and acceleration of
the isolated bubble, or the entrained liquid droplets, or in the two phase flow. A basic form of the
virtual mass force has been addressed in many previous studies and one can refer to for more
details as in Ghiaasiaan [198] and Ishi and Mishima [199].The body force does not have a
significant effect in micro-scale size, so it was neglected. Since, it was assumed that there is no
entrained liquid droplets in the vapor core n the annular flow and according to a study
performed by Ishi and Mashima [199], that shows the effect of virtual mass force is much less in
the annular flow compare to its effect in slug flow, so it would reasonable to neglect the virtual
mass force in the present model. Newton’s Law is applied to each phase in the control volume

for deriving the phasic momentum equations which can be written as,

% [peu?s(D —8)] = —% [p8(D —8)] — t,,D— T'u;(D — 28) + 1;(D — 28) (3.8)

d d
3, 1P (0 — 28)%] = ——[p(D = 26)?] + 4w, (D — 26) — 47;(D — 26) (3.9)
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3.3.3.Energy Conservation Equations

By applying the first law of thermodynamic for each phase in the chosen control volume,
the basic energy conservation equations for the liquid film and vapor phases are defined by Eq.
(3.10) and Eq. (3.11) respectively.

d uz \
d 20y 4 Yo
- |Pottg(D = 28)*(hy + =) | = 4T'hy (D — 28) — 47;u;(D - 26) (3.11)

Substituting I' in Egs. (3.10),( 3.11) by Eq. (3.6), the energy equations can be rearranged as,

uz dé (D —28)du,
prup | by + — | = pgughy =+ pghy —————=

2 dz 4 dz (3.12)
3 \N6(D—8)du,
+or (e +51) g5 gy = 9P +
dé 3 du
(2pgu;)5+§pgu§(u —28) — = —4ry (3.13)

According to Wallis [200], the liquid film thickness for the laminar annular flow is very thin
compare to the channel hydraulic diameter. Thus, the shear stress variation in this boundary layer
is very small and it would be reasonable to be u; = 2u;. In another approximation of the velocity
at the interface, Ghiaasiaan [198] assumed that u; = (1/ 2)(uf + ug) is a reasonable assumption
in stratified flow. Since the liquid film velocity is considered lower than the vapor core velocity

and the tangential components of both velocities at the interface are considered to be the same, it
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would be more reasonable to assume u; = (O.Sug) for the present model simplification. Taking
this assumption into account, the interfacial shear stress which has a significant effect on the
liquid film thickness, can be derived from the energy equation of the vapor phase, Eq. (3.13), in

terms of liquid film thickness, vapor velocity, and inertia force as follows:

ds (D - 26) du,

T; =pgu§E—3pgugT . (3.14)

The energy equation of the liquid film, Eq. (3.12), can be expanded more by inserting the

equation of mnterfacial shear stress, Eq.(3.14), as follows,

2
pru h+u—f—pu h+ﬁﬁph M%
FEE\T T 2 979\"" " 2 Jldz r 7t 2 4 dz

2
2 u2\8(D — 8)]du, D
+lp 2+pf<hf 2> ~%5 | ~ ™ D=2

(3.15)

Now, considering the rate of phase change I', and the interfacial shear defined by Eq. (3.6), and
Eq. (3.14) respectively, the momentum equations, Eqs. (3.8), (3.9), can be rearranged in the
following form,

3 ds 7 (D - 26) du 5(D — &) du
( + + ) + 9+ —1
PrUf ¥ 5Paty P ) G+ 5 Pally dz P TD 226 dz

4
(3.16)
5(D—6)dp_ ( D )
D—25 dz _\D—28)™
3 ds 3 (D-28)du, (D—28\dp
-z — =0 3.17
(2”9 g+p)d 2P Ty dz+( 4 )dz G.17)

Thus, the two-phase pressure gradient can be defined easily from the momentum equation of the
vapor phase, Eq. (3.17), as,
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dp_( 4 )(3 2 | )d6+3 dug (3.18)
dz  \D—26/\2Ps% TP ), T3 Ps a7y, '

The wall shear stress t,,, in the right side of the momentum equation of the liquid film, Eq.

WwW?

(3.16), can be represented in terms of liquid film velocity and the working fluid density as,

1
T, = Epfffu]% (3.19)

Since both laminar and turbulent flow are considered, the liquid fim friction factor f; is

determined in terms of liquid film Reynolds number for better results as presented in Kim and
Mudawar [201] as follows.

(64/Re;) for Re; < 2000
f; = {0.079Re, 02 for 2000 < Re; < 20,000 (3.20)
0.046Ref‘°'20 for 20,000 < Re,

The friction factor estimation is mamnly influenced by based-liquid film Reynolds number which
is calculated in the present model using the predicted values of average liquid film thickness &,
and average liquid film velocity U, at every heat and mass fluxes applied as depicted in Eq.
(3.21).

_ Pr%yDn _, P 8(D ~26)
1293 7y

Re; (3.21)

In summary of the analytical part, four expanded equations represent the final form of the
present model. These equations are the mass conservation equation of the whole mixture, Eq.
(3.7), the energy conservation equation of the liqud film, Eq. (3.15), the momentum
conservation equation of the liquid film, Eq. (3.16), and the momentum conservation equation of
the vapor phase, Eq. (3.17). While the mass conservation equation, Eq. (3.5), and the energy

conservation equation, Eq. (3.11), of the vapor phase are used to define the phase change rate, I,
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and the interfacial shear stress, 7;, respectively . Thus, the final form of the present model

equation is organized and formulated in a mass matrix form as follows:

AY=B (3.22)

Where A is a square mass matrix which contains the coefficients of the dependent variables

obtamed by expanding the differential terms in the conservation equation. The gradient of main

dependent variables is represented by the column vector Y, and the column vector B represents
the non-homogeneous part of the present model. The main model equation can be rewritten in

details as in Eq. (3.23).
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3.4. Initial and Boundary Values of the Model

In order to solve the main model equation, Eq. (3.23) the iitial values of the dependent

variables, §,, U¢,, and the inlet pressure p, at the entrance of the micro-tube should be

Ugo>
estimated properly. Furthermore, it should be noted that among these initial parameters, the most
sensitive initial parameter that affects the obtained results is the initial liquid film thickness.
There are many researchers who have investigated measuring liquid film thickness n micro-
channels and revealed that, § < Dy, in the range of (1.0 <Dy < 1.49 mm) such as Hazuku et
al. [126]. Based on the available literature, most of the correlations of liquid film prediction are
developed based on Taylor’s law (which is addressed in many two phase flow studies such as
Aussillous and Quere [202]) and applicable for the flow regimes where the liquid film increases
such n slig flow during the bubble coalescence or during the condensation in annular flow
regime. However, two correlations for prediction of liquid film thickness, Egs. (3.24) and (3.25)
which were developed by Bretherton [63] and Irandoust and Andersson [35], may be applied
properly in the annular flow regime for this model to predict the initial liquid film thickness. The
Eq. (3.24) was developed analytically and its constants were obtained based on the numerical
mtegration. On the other hand, the Eq. (3.25) was developed based on the experimental data of
flow boilng n tubes with diameters rangmg from 1.0 mmto 2.0 mm and length 0of400 mm.
Since, both of the equations were developed based on the assumption that (§/d) is small, it
would be very reasonable to be used either for the Taylor flow or the annular flow in the range of

the mentioned diameters.

§,/D =0.67 Ca?/? (3.24)

8,/D = 0.18 [1 — exp(—3.08Ca’54)] (3.25)

Consequently, in the present model, the mitial liquid film thickness is predicted using Eq. (3.24)
and Eq. (3.25) for flow boiling of non-aqueous working fluids and water respectively.
Furthermore, the iitial vapor and film velocities at the onset of annular flow are calculated in

terms of mnitial liquid film as follows:
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ug, = (Gx,/p,)(D?/(D — 25,)?) (3.26)

ug = (61— x,)/p,) (0%/(46,(D ~ 5,))) 6.27)

Where x, , is the vapor quality estimated at the exit of the micro-tube. In the present model it is
calculated based on the energy balance of the micro-tube and represented as n Eq. (3.28) in
terms of the heated length-to-diameter ratio for zero-inlet sub-cooling enthalpy (inlet saturated

conditions).

—= (3.28)

The initial value of the pressure at the inlet of the micro-tube is taken from the experimental

conditions for each CHF database obtained.
3.5. Results and Discussion

The mamn differential equations represented in the mass matrix form by Eq. (3.23) are
solved numerically. The procedure of the main calculations is explained by the flow chart shown
in Figure 3-2. In order to test the model ability for CHF prediction, it was compared with various
experimental CHF data points obtained previously from different resources for wide operating

conditions for flow boiling in single and multi mni/micro-channels, as summarized in Table

(3.3). For this validation, the mean absolute error (MAE) is defined as,

1
MAE ==
N

Where N is the number of the data pouts, q;exp is the measured value of the critical heat flux

qcexpT Tepred X 100 % (3.29)
qcexp

and q, is the predicted value of the critical heat flux.
Cpred
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Table (3-3): Saturated CHF data of flow boiling in mini/micro- channels used to test the
present model.

Author Geometry Fluid & Operating conditions
Qu and Mudawar 21 Rectangular micro-channels Water, p,,. = 1.13 bar, T;,, = 60°C,
[43]
215 x 821 pm, D, = 0.38 mm, G = [86 — 368] kg/m?.s,
L/D=117.7
Wojtan et al. [45]  single micro-tube, R-134a, T, = [30 — 35]°C,

D, =[0.5— 0.8]mm, L, = 70mm G = [400— 1600]kg/m?.s, q, = [3.2 —

600] kW/m?,
Qiet al [46] single micro-tube, LN2, T;, = [78.2 — 79.8]K,
D, = [0.531 — 0.834]mm, L,, = G = [700— 3000] kg/m?.s, q,, = [50.9 —
250mm 213.91kW/m?,
Roday and Jensen  Single steel micro-tube, Water, , AT,,, = [40 — 60]°C
[138]
D, =[0.286 — 0.70]mm, L, = Pout = [25.3 —179]kPa, G = [320 —
[21.66 — 96.0]mm 560] kg/m?.s,
Ong & Thome D, =[1.03,2.20,3.04]mm R134a, R236fa, R24.5fa
[139]
L, =[180,396,540mm G =[100— 1500]kg/m?.s

Figure 3-3 shows a comparison of the CHF data for flow boilng of Water flowing in
rectangular multiple micro-channels obtained by Qu and Mudawar [43] and those predicted by
the present model. The present model predicted the whole CHF data of the water with a MAE =
35.75 %. It can be seen that the model underestimated all the CHF data of Qu and Mudawar [43]
. This underestimation is due to some reasons. Since the present model was developed based on

dominant annular flow pattern in a single micro-tube, the major reason of the underestimation is
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related to the difference in the flow characteristics and configuration between the single and
multi-micro-channels. In addition, the deviation is partially attributed to the applicability of the
correlation used to estimate the initial liquid film thickness of the water, Eq. (3.25), which was
originally developed for boiling n a single tube with diameter range of (1.0 to 2.0 mm), while
Qu and Mudawar [43] data were for flow boiling in multiple micro-channels. From Figure 3-3, it
is seen that at low mass flux, 100 < G < 130 kg/m?.s, the CHF predicted by the model does
not show a clear influence by increasing the mass flux. At this low range of mass flux, it is seen
that a little increase in the applied heat flux causes in decreasing in the liquid film thickness
lower than the critical value, which is identified to be (8.4 < 3um) in the present model
Furthermore, this can be considered as the lowest mass flux among the tested CHF data where
the present model can predict the CHF data of flow boiling of the water n multiple micro-
channels.

600 I I I I I I I I I I I I I I I I

B | ]
B Water .
B Multi-micro-channels 0 O

500 —{P,=0-38 [mm], T =60 ’C |

i
O

CHF, [kW/m?]
w S
o (@)
o o
L
m]
O
\\\

N
o
o
L
D
I

LI
I

100 B - O Qu & Mudawar [43]| ]
= Present Model |
O B | | | | | | | | | | | | i | | | | |

0 100 200 300 400

G, [kg/m’.s]

Figure 3-3: Comparison of the Present CHF model with CHF data obtained by Qu and Mudawar
[43] for flow boiling of Water in multiple channels heat sink.
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Figure 3-4: Comparison of the Present CHF model with CHF data obtained by Roday and Jensen
[138] for flow boiling of Water in a single micro-tube with diameter 0f0.427 mm.

For the same working fluid, water, but through a single micro-tube with internal diameter of
0.427 mm and at very high mass flux, the model was compared with the CHF data of Roday and
Jensen [138] as depicted in Figure 3-4. A strong relationship between the CHF and mass flux can
be seen here as well. It can be noted that the present model predicted well the CHF data a MAE =
8.76 %. Further parameters that affect the CHF have been considered for validating the present
model, such as the working fluid and channel size effects. For instance, the model was compared
with the experimental CHF data of Wojtan et. al. [45] for flow boiling of R134a through single
micro-tubes with sizes of 0.5 mm and 0.8 mm as shown in Figure 3-5. The model fairly
predicted the CHF data of diameter 0.5 mm with the MAE = 7.57%. Furthermore, the CHF data
for R134a in the micro-tube of 0.8 mm were predicted properly as well with the MAE = 9.10%.
Moreover, the influence of tube size can be noted clearly from this figure where the CHF

increases by increasing the channel size.
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Figure 3-5: Comparison of the Present CHF model with CHF data of Wojtan et al. [45] for flow
boiling of R134ain a single micro-tube for internal diameters 0.50 mm and 0.80 mm.

Additionally, in order to validate the present model for predicting the CHF for macro and
conventional channels, it has been compared with the CHF experimental data of Ong & Thome
[139] for saturated flow boiling of R134a i single tubes with sizes of 1.03mm, 2.02 mm, and
3.04 mm at low and high mass fluxes as shown in Figure 3-6. As can be seen the influence of
mass flux and the channel size on the CHF is obvious in this graph. Although, for the mass
fluxes G < 500 kg/m?. s, the experimental data showed the independency of CHF of the channel
size for all channel sizes, 1.03; 2.20; and 3.04 mm, while the present model showed a clear
dependency on the channel size particularly for 2.02 mm and 3.04 mm tubes. In general, the
model gives a very good agreement with these CHF data points for the three different tube sizes
with MAE = 11.91%. According to the diabatic flow pattern map developed by Revelln and
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Thome [75], it is seen that the experimental data of R134a in the range of mass fluxes (320 <
G < 560 kg/m?.s) fall in the annular flow regime.
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Figure 3-6: Comparison of the Present CHF model with CHF data of Ong & Thome [139] for flow
boiling of R134a in a single micro-tube for inte rnal diameters 1.03,2.20, and 3.04 mm.

Figure 3-7, shows a comparison of the experimental CHF data of Fan and Hassan [6] for
flow boiling of the dielectric fluid FC-72 in a single micro-tube of 0.889 mm with the present
model. Notably, the CHF increases linearly by increasing the mass flux. Although, the CHF
trend was predicted well, the model under predicted the experimental CHF data, and the MAE =
24.44%.
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Figure 3-7: Comparison of the Present CHF model with CHF data of Fan & Hassan [6] for flow
boiling of FC-72 in a single micro-tube with an internal diameter 0f0.889 mm.

Further comparisons to the CHF experimental data have been performed. The present
model was compared with the CHF data obtamed by Qi et al. [46] for flow boiling of Liquid
Nitrogen in single mini and micro-tubes with internal diameters of 0.531, 0.834, 1.042, and
1.931 mm as shown in Figure 3-8. It can be seen that the model underestimated the experimental
data points at mass fluxes lower than G < 1000 [kg/m?.s], particularly for those with diameters
larger than 0.834 mm. This can be speculated to neglecting the gravity force effects in the basic
model equations, where this force has a significant effect in conventional channels. One more
reason for this deviation can be related to the flow boiling characteristics of the LN2 which are
quite different of the low pressure refrigerants and water. In other words, the correlation used for
predicting the initial liquid film was developed based on water-air experimental data and there is

a much difference in the properties of the water and the LN2, particularly in the surface tension
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and vapor density values. In general, the model predicted all CHF data points of LN2 with a
MAE = 27.85%.
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Figure 3-8: Comparison of the Present CHF model with CHF data of Qi et al. [46] for flow boiling
of LN2 in mini and micro-tubes with internal diameters 0.531,0.834, 1.042, and 1.931 mm.

In general, all CHF data points collected n this work including those for multiple mini
and micro-channels were predicted successfully by the present model with MAE = 19.81% as
shown in Figure 3-9. Furthermore, three saturated flow boiling CHF correlations, Wojtan et al.
[45], Qi et al. [46], and Ong and Thome [139] were assessed to predict the same collected
experimental CHF data base. The reason for choosing these three correlations is because they
were developed orignally for flow boiling in a single circular mini/micro channels and based on
more than 80 % of the collected CHF data used in this work.
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Figure 3-9: Comparison of e xperimental CHF data for flow boiling of R134a, LN2, FC72, and
water in mini and micro-channels with that predicted by the present CHF model.

Figure 3-10 compares the saturated CHF data predicted by Wojtan et al. [45] correlation
with those collected in this work for flow boiling of non-aqueous working fluids and water. The
correlation predicted the all collected CHF data ponts with a MAE = 75.26% and only for non-
aqueous working fluids with a MAE = 29.98%. The overestimation of CHF data of water may
be speculated to the fact that this correlation was developed based on CHF data of non-aqueous
working fluid.
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Figure 3-10: Comparison of e xperime ntal CHF data for flow boiling 0of R134a, LN2, FC72, and

water in mini and micro-channels with that predicted the CHF correlation of Wojtan et al. [45].

The CHF correlation of Ong and Thome [139] was developed based the experimental
data Wojtan et al [45] for flow boilng of R-134a and R-245fa i single micro-tube with
diameters (0.50 mm and 0.80 mm), and the data of Park and Thome [203] for flow boiling of low
refrigerants (R134a, R236fa, R245fa) in multiple-micro-channels with the range of hydraulic
diameter of (0.35mm to 0.88 mm), and therr data for the flow boiling of the same refrigerant in
single micro-tubes with diameters (1.03, 2.20, 3.04 mm). The abilty of the CHF correlation
proposed by Ong and Thome [139] to predict the collected saturated CHF data is shown in
Figure 3-11. The correlation predicted the all CHF data with the MAE = 64.36%. It is seen that
this correlation significantly over estimated the saturated CHF data of the Water and under
estimated those for FC-72. The explanation for the large deviation of CHF data of the Water can
be attributed to the CHF of the Water which is orignally were obtamned for two different
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conditions as can be seen in Table (3.3) for both single and multiple mini and micro rectangular-
channels. Although this correlation was developed considering the effect of working fluid on the
CHF, but that was limited to non-aqueous fluids and only low pressure refrigerants. Thus, the big
deviation obtained in predicting the Water CHF, can be related to the big difference between the
properties of the water and the other refrigerants, particularly, the difference in surface tension
and vapor densities. Furthermore, the inlet pressure of the CHF data of Qu and Mudawar [43] is
lower than those of Ong and Thome [139], and according to Bao et al. [21], a strong effect of
mlet pressure on the heat transfer characteristics of flow boiling in micro-channels has been
observed. On the other hand, the correlation of Ong and Thome [139] predicted the CHF data for
the non-aqueous working fluids with a good agreement with the saturated CHF experimental

data with a MAE = 18.39%.
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Figure 3-11: Comparison of e xperime ntal CHF data for flow boiling of R134a, LN2, FC72, and
water in mini and micro-channels with that predicted by Ong & Thome [139] Correlation.
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The last saturated CHF correlation was assessed is the correlation that was developed by Qi et
al. [46] as shown in Figure 3-12. It can be seen that the correlation greatly over predicted the
experimental CHF data of the Water and overestimated all of those obtained by Wojtan et al
[45] for flow boilng of R134a as well as most of those for FC-72. Generally, the correlation
predicted the collected CHF data excluding those for the water with the MAE = 40.78 %.
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Figure 3-12: Comparison of experime ntal CHF data for flow boiling ofR134a, LN2, FC72, and
water in mini and micro-channels with that predicted the CHF correlation of Qi et al. [46].

Critical exit vapor quality is one of the interestng parameters which can be employed to
present the current obtained results of the CHF i other form, and may be used in future work to
investigate the CHF in micro-channels. It is defined as the vapor quality of the working fluid at
the exit of the micro-tube when the CHF occurs. Figure 3-13, depicted the variation of the CHF
data of Wojtan et al. [45] in terms of the critical exit vapor quality of the flow boiling of the
working fluid, R134a, and showed the comparison with those predicted by the present model It
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is seen that the CHF decreases as the critical vapor quality increases. The present model

predicted well the trend of the CHF in terms of critical vapor quality.
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Figure 3-13: CHF versus critical vapor quality predicted by the present model for flow boiling of
R134a through a 0.8mm inner diame ter micro-tube, and compared with those measured by Wojtan
et al. [45].

In summary, for the CHF data of non-aqueous working fluids, it can be seen that among the
chosen saturated CHF correlations developed for flow boiling in single micro-channels, the
correlation of Ong and Thome [139] predicts the collected CHF data of non-aqueous working
fluids better than the other tested correlations in this work. However, when the CHF data of the
Water is included, the present model has ability to predict the saturated CHF better than the other

tested correlations.
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3.6. Conclusions

An analytical heat transfer model of flow boiling in horizontal micro-channels for an
annular flow subjected to uniform heat flux was developed in order to predict the saturated
critical heat flux (CHF) based on the liquid film dry-out. The model was developed by applying
the separated flow model for a control volume m annular flow regime. The main dependent
variables of the present model are the liquid film thickness, the core vapor velocity, the liquid
film velocity, and the pressure variation. The effects of operating conditions, channel sizes, and
working fluid on the CHF have been investigated. The final form of the present model is
represented in a mass matrix form. The model was compared with the saturated CHF data points
collected for flow boiling of various working fluids, (Water, LN2, FC-72, and R134a) in single
and multiple mini and micro-channels with hydraulic diameter ranges of (0.38 <Dy <
3.04 mm) and heated-length to diameter ratios in the range of 117.7 < L; /D < 470. The model
successfully predicted all experimental CHF data with the MAE= 19.81 %. Further validation of
the present model has been done by assessing three saturated CHF correlations developed based
on more than 80 % of the collected CHF data. Among the chosen CHF correlations, the
correlation of Ong and Thome [139] showed a good ability to predict saturated CHF data for
non-aqueous working fluids better than the other correlations. However, the chosen correlations
significantly over predict the saturated CHF data of the water in single circular micro-channel
and rectangular multiple channel heat sinks. On the other hand, the present model is able to fairly
predicted saturated CHF data for flow boilng of aqueous and non-aqueous working fluids in
single/multiple and mmnymicro channels with a mean absolute error better than the tested

correlations.
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4.1. Abstract

A semi-analytical model for predicting heat transfer and pressure drop in annular flow
regime for saturated flow boiling in a horizontal micro-tube at a uniform heat flux has been
developed based on one-dimensional separated flow model. The six main parameters considered
are vapor velocity, liquid film wvelocity, vapor void fraction, local pressure, vapor enthalpy, and
liquid enthalpy. Liquid film evaporation is considered as the dominant heat transfer mechanism
n the annular flow regime. Based one Taylor’s law, the mitial value of the liquid film thickness
at the onset of annular flow is estimated by employing the proper correlations available in
literature. The main model equations obtained are non-homogeneous differential equations
which have been solved numerically based on explicit Runge-Kutta method. More than 600 two-
phase heat transfer, 498 two-phase pressure drop, and 153 void fraction experimental data points
for annular flow regime have been collected from the literature for validating the present model
The collected data were recorded for various working fluids, R134a, R1234ze, R236fa, R410a,
R113, and CO2 for round macro and micro single horizontal tubes with a range of mnner diameter
0f0.244 mm < D, < 3.1 mm, a heated length to diameter ratio of90 < (L,,/D;,) < 2000, a
range of saturation temperature of —10 < T,

sat

< +50°C, and liquid to vapor density ratios in
the range 6.4 < (pf/ pg) < 188. The model was tested for lammnar and turbulent flow boiling

< 48,000, and a

conditions corresponding to an equivalent Reynolds number, 1,900 <Re,q <

range of confinement number of 0.27 < C < 3.4. In the scope of annular flow regime, the

conf =

present model predicted the collected data of the heat transfer, pressure drop, and void fraction

with a mean absolute error (MAE) of 18.14 %, MAE of 23.02 %, MAE of 3.22 %, respectively.

Keywords: saturated flow boiling heat transfer, two-phase frictional pressure drop, annular flow

regime, flow pattern maps, liquid film thickness, equivalent Reynolds number, and Bland-Altman Plot.
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4.2. Introduction

Two-phase micro-channels are widely used and have many applications, extensively in
heat sinks and compact heat exchangers. Typically, the main principle of micro-channel heat
sinks is to dissipate a high heat flux at a lower mass flux. Additionally, predicting heat transfer
coeflicient and two phase pressure drop of flow boiling n micro-channels is one of the most
important steps for designing micro-channel heat sinks. Furthermore, it has been reported in the
literature that the channel size influences the applicability of the developed correlations or
models. Therefore, the proposed correlations of two-phase frictional pressure drop prediction for
large tubes are not applicable for small and mmni-channel as has been proven in many previous
studies (e.g. Tran et al [164]). There are several experimental investigations of two-phase heat
transfer and pressure drop in micro-channels that have been reported recently for various
working fluids and wide range of operating flow conditions. Some of them were performed for
horizontal micro-channels at adiabatic flow conditions such as those presented by Cavallini et al.
[204], Zhang et al. [34], Yun et al. [205], Basu et al. [157], Oh et al. [156], Al et al. [206],
Mahmoud and Karayiannis [207], and Ducoulombier et al [61], and few experiments were
performed at diabatic flow conditions, as those presented by Tibirica et al. [176], Yan and Lin
[149] , and Wu et al. [177]. Furthermore, there are some experiments that were performed for
vertical tubes such as the one reported by Magbool et al. [179]. Some of the previous
experimental investigations for predicting heat transfer and pressure drop of flow boiling in
micro-channels have resulted in either predicting empirical parameters for developing/modifying
some existing correlations or adding more experimental data points for flow boiling in mini-
micro channels. However, most of the available correlations and approaches are either applicable
only for a specific flow pattern or a limited range of working fluids and operating conditions, or

are too poor in scope to predict the experimental data correctly.

On the other hand, a few analytical models of flow boiling heat transfer and pressure drop
in micro-channels have been presented in the literature (e.g. Moriyama and Inoue [147] , LaClair
and Mudawar [208], Na and Chung [209], Das et al. [210], Jacobi and Thome [114], Thome et
al. [151]). The heat transfer model of an elongated bubble in slug flow regime in micro channels
was proposed by Jacobi and Thome [114], and is reported to be good for predicting local heat
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transfer coeflicient for the elongated bubble/liquid slug pair regime in a circular micro channel
The three-zone flow boiling model that was developed by Thome et al. [151] contains three
empirical parameters which are difficult to estimate theoretically. These parameters are
minimum liquid film thickness that is acceptable at dry-out( 8;,) initial value of the liquid film
thickness( §,) and bubble frequency.

Heat transfer mechanisms for flow boiling in micro-channels play an important role n
developing more realistic flow boiling models. Many researchers, (e.g Kew and Cornwell [67],
Bao et al [21], Yen et al. [112], and Kandlikar [60]) have reported that dominant heat transfer
mechanisms for boiling n small-and micro-channels are flow pattern dependent. Furthermore,
the dominant heat transfer mechanism is affected by channel size as it has been studied by Park
and Hrnjak [167]. Park and Hrnjak [167] found that nucleate boiling heat transfer is dominant in
the conventional tube with 6.1 mm mner diameter, whereas convective boiling heat transfer
becomes dommant as the tube diameter decreases. Moreover, it has been noted that due to the
difference of the properties of the working fluids, channel size, as well as the operating
conditions, different flow patterns can be observed. According to some other mvestigators (e.g.
Lee and Lee [22], Qu and Mudawar [43], and Thome and Consolini [116]), it has been
established that at intermediate and high vapor quality, where the annular flow pattern is usually
observed (e.g. Tran et al. [164]), the evaporation of liquid film is the dominant heat transfer
mechanism. Additionally, the forces acting at the liquid-vapor interface of the annular flow
regime influence the heat transfer mechanism of flow boiling in micro-channels. Kandlikar [60]
studied and analyzed the significance of various forces that are important during rapid
evaporation at high heat flux conditions and also influence the liquid-vapor mterface n micro-
channels. Additionally, It has been well known that the surface tension o effects are dominant in
micro-channels of circular geometry but, the author has found that unexpectedly, rather viscous

forces effects are more important here than surface tension for flow boiling in micro-channels.

Annular flow pattern is promised to be one of the main dominant flow patterns for flow
boiling in micro-channels as it has been verified in many previous studies (e.g. Jiang et al. [195],
Celata et al [211], Thome [212], Revelin and Thome [75], Cioncolini and Thome [213]).
Moreover, the ability to identify the flow pattern and its boundaries is an essential capability for

developing a suitable heat transfer coefficient and pressure-drop prediction method.
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Consequently, several researchers have developed flow pattern maps for flow boiling in micro-
channels. More prominent reported works are: Kandlikar [72] , Garimella et al. [79], Wu and
Cheng [214], Revellin and Thome [75] , Saisorn and Wongwises [80], Karayiannis et al. [81],
and Harirchian and Garimella [66] [158]. Furthermore, having a comprehensive flow pattern
map helps in developing a generalized flow boiling model for the basic flow patterns in micro-
channels. For instance, Harirchian and Garimella [66] established a flow pattern map for a wide
range of channel size and experimental operating conditions for FC—77 and recently,
Harirchian and Garimella [158] developed a flow regime-based model of heat transfer and

pressure drop for flow boiling n micro-channels based on their comprehensive flow regime map.

However, several of these flow pattern maps were established for adiabatic flow
database. Thome and El Hajal [86] have developed a two-phase flow pattern map, proposed by
Ziircher et al. [31], which was able to predict fairly well the two-phase flow regimes of seven
different refrigerants. Recently, Revellin and Thome [75] developed a new diabatic flow pattern
map for flow boiling of R134a in single micro-tubes applicable for the range of tested working
conditions. In 2008, Cheng et al. [103] developed a flow pattern map for flow boiling of CO2 in
small and mini-tubes which was proven to be applicable for a wide range of operating
conditions. Thus, the two flow pattern maps presented by Revellin and Thome [75], and Cheng
et al. [103] have been used in this work for predicting two-phase flow regimes of flow boiling of
R134a and CO2 respectively in macro/micro horizontal channels. In the meantime, a systematic
process for determining the flow pattern transition criterion is still not clear and/or available.
However, there are some correlations developed for predicting the transition line, x.5,, for
transition from coalescence flow pattern to annular flow pattern, (the onset of annular flow), in
single horizontal channels. For instance, those proposed by Thome and El Hajal [86], Revellin
and Thome [75], and Ong and Thome [97]. Recently, Ong and Thome [97] modified the
correlation of the transition line x.p,,, presented by Revellin and Thome [75], so they can be
made applicable to three working fluids (R134a, R236fa, and R245fa ) and wider range of
channel sizes and operating conditions. The correlation modified by Ong and Thome [97] that

has been reported and are described as follows:

0.45
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Where P, and P ,, are the reduced and saturated pressures, respectively. Re;, is the Reynolds
number of the liquid phase, and We,, is the Weber number of the liquid phase. Harirchian and
Garimella [158] developed a flow regime map for flow boiling of FC-72 in multiple micro-
channel heatsinks, and proposed a correlation for estimating the position of the transition from

slug flow to annular flow along the micro-channels as follow:

Pg
Pr = Pg

L, = 96.65(B0%Re)™02%8 p|~1 Dy 42)

Where L is the onset of annular flow, Bo is the Bond number, Bl is the Boiling number, and

ao’

D,y 1s the hydraulic diameter based on the heated perimeter.

Two-phase frictional pressure drop for flow boiling i micro-channels has been
investigated by many researchers. Revellin and Thome [3], and Cioncolini et al [172] proposed
and developed new correlations for predicting the two-phase frictional pressure drop. According
to some existing flow pattern maps, there are few phenomenological models that have been
developed for two-phase pressure drop prediction in annular flow regime. For instance, the
model proposed by Cheng et al. [103] based on the boundaries of annular flow regime. The two-
phase pressure drop data, Ap,, of the annular flow was correlated and given by Eq. (4.3) as
follow,

L pyul

Ap, = 4f, —
pA fADeq 2

(4.3)

Where D,qis the equivalent diameter which is defined as D4 =+/4A/m, and f, is the friction

factor coeflicient of annular flow which is expressed by Eq. (4.4) as follows:

fa = 3.128Re**** We 00308 (4.4)
Where Re, is Reynolds number of the vapor phase, and Wey is Weber number of the liquid film.

In summary, the evidence from this review of previous works show that most of the
mvestigations conducted for predicting two-phase heat transfer and pressure drop for flow
boiling in micro-channels are experimental investigations that presented either empirical

correlations, or semi-analytical models which are applicable for a specific working fluid, or a
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certain flow pattern, or operating working condition. In contrast, only few analytical models for
flow boiling in horizontal micro-channels have been developed. Furthermore, it has been known
that developing an analytical model based on the physical phenomenon of the flow boiling
feature is an effective and essential first step for designing flow boiling micro-channels.
Therefore, development of analytical models for flow boiling in micro-channels, which can be
applicable for wider range of operating conditions and fluids is needed. Consequently, the aim of
this work is to develop a one dimensional semi-analytical model for predicting the saturated two-
phase heat transfer coefficient, frictional pressure drop, and void fraction for the annular flow

regime for saturated flow boiling in a horizontal micro-channel subjected to a uniform heat flux.
4.3. Modeling Methodology

A physical description of the two-phase annular flow model is shown in Figure 4-1. As

can be seen, the annular flow consists of two continuous phases, the vapor core which flows with

an average vapor velocity, u,, and the liquid film phase, whose thickness is §(z), which moves

g)
with an average liquid film velocity, u; i the axil direction, z, of the working fluid flow. The
micro-tube is subjected to a uniform heat fux, q,,. Furthermore, the applied heat flux is
transferred through the micro-tube wall to the liquid film. While, the evaporation of the liquid

film is considered to be the dominant heat transfer mechanism in the annular flow regime.

pl - b - T IR s D
u |
—_— — .
+r| . A
0. —>| dz ]4— Section A — A
Liquid film

Figure 4-1: Sketch of an annular flow model in horizontal circular channel.
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4.3.1. Basic Assumptions:

Two-phase annular flow is still a complex flow and has many challenges in modeling its

real features. Thus, for model simplification, the following assumptions have been taken into

account:

10.

11.
12.
13.

The flow boiling is considered as a one dimensional steady state and fully developed flow.
Thus, the dependent variables adopted vary only in axial flow direction.

The dominant flow pattern for flow boiling in micro-tubes at intermediate and high vapor
quality is the annular flow, and the dommnant heat transfer mechanism i the annular flow
regime is the evaporation of the thin film.

The micro-tube is subjected to a circumferential and axial uniform heat flux, and the working
fluid enters the micro-tube at saturation conditions.

The liquid and vapor phases are considered to be at thermodynamic equilibrium.

As the channel size decreases, the gravity force effect decreases. Thus, in the present model
the influence of gravity force is assumed to be negligible.

The pressure gradient in the radial direction is neglected, thus, the pressure of the liquid
phase and vapor phase at the same radial cross section are equal.

No entrained liquid droplets exist in the vapor core and no nucleate bubbles exist in the liquid
film trapped in the annular flow regime for flow boiling in micro-channels.

The conduction heat transfer in axial flow direction is neglected.

The liquid and vapor densities are constant ata given operating condition.

At the mterface, the mterfacial liquid enthalpy equals to liquid phase enthalpy, and the
mterfacial vapor enthalpy equals to vapor phase enthalpy. The specific enthalpy of each

phase varies only in flow direction.

Taking the above assumptions into account, the basic equations of the model can be derived by

applying the mass, momentum, and energy balances for each phase in the chosen control

volume, as follows.
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4.3.2. Equations of Mass Conservation

The mass balance has been applied for each phase, liquid film and vapor core phases, in
the chosen control volume as shown i Figure 4-2. Consequently, the mass conservation
equations of the liquid film phase and vapor phase for one dimensional and steady flow can be
deduced and expressed by Eqgs. (4.5) and (4.6), respectively.

d P,

3 lPrau)] = (45)

[pg ug| = (4-6)

Where, ug and ug, are the liquid film and vapor mean velocities, respectively, and pgand pg, are
the densities of the liquid phase and vapor phase respectively. ag, and agare the liquid phase and
vapor phase void fractions, where, (¢, = 1 — @) .The term I' appearing on the right side of the
above Egs. (4.5) and (4.6) is defined as the rate of evaporation of the liqud film at the liquid-
vapor interface per unit area of the mterfacial surface, and it will be evaluated based on the gas
kinetic theory. P; is the interfacial perimeter at the liquid vapor interphase. By adding Eq. (4.5) to
Eq. (4.6) and expanding the derivatives, the vapor mass equation and whole mixture mass

equation can be as expressed by Eq. (4.7) and Eq. (4.8) respectively,

P;
[0, g] g+ [0, g]—— FZ 4.7)
du du da
[pfaf]d_;+ [pgay]d_zg‘l' [pg Ug pfaf] ng: 0 (4.8)
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p/2) 4 6Mgin - .
(D/2) dm, = [ap Adz] u, i e
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f,in u m ’
dm, = [(1- a)p,Adz] i fout
r
dz
z=0

Figure 4-2: Symmetric sketch shows basic terms for deriving mass conservation equations for liquid film and
vapor core phases.

4.3.3. Equations of Momentum Conservation

The acting forces on the chosen control volume in the two phases, liquid fim and vapor
core, are shown in Figure 4-3. The body and virtual mass forces were neglected here. For flow
boiling in micro-channels, the effect of gravitational body force is small compared to viscous and
mertial forces as it has been shown in several previous studies, (e.g. Kandlikar [60], Serizawa et
al. [192]). The virtual mass force was neglected for model simplifications. Newton’s Law can be
applied to each phase in the control volume for deriving the liquid and vapor momentum

equations respectively as follows,

d w
o [prasu?] = —ap = I"ufl-z “Two T iy (4.9)
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P P
[ g] a—+1"u-zl—r-zl (4.10)

Where, t,, is the wall shear stress, Tr;and 7 ; are liquid and vapor phase interfacial shear stresses
respectively. They are assumed here to be the same and denoted as (77 = 7, = 7;). The
mterfacial phasic velocities of the liquid and vapor phase are assumed to be the same also
(up; = ugy =uy), wherew;, is the interfacial velocity. P, is the tube perimeter, and p is the
system pressure. Adding Eq. (4.9) to Eq. (4.10), and expanding the derivatives, the momentum

equations of the vapor phase, and the whole mixture are represented by Eq. (4.11), and Eq.
(4.12), respectively as follows,

z+dz

d P, P
[Zpgugag] + [pg g]—g +a dz = Fuiz —-T; n (4.11)
da, d P,
[pruf“f] L+ [ZPguy g] T + [pg Ug pfuf] dig +£ “wy (+.12)
[apAl, [apgugAdz] ~——IapAl .4,
[“pg gA] [t;P;dz] [apg gA]Z+dz
— [['u;Pdz] -~ ]
. .
[(1—a)pAl, —{nhdz] [(1 - a)pAl, a4,
[(1 - a)p,uzA] [t,,P,dz] [(1-a)p,u,Adz|
T = — (1 - )p,usA]
SSSSSSSS S S S S S S S S S S
dz
L Zz_
z=0

Figure 4-3: Symmetric sketch shows the forces acting on the control volume.
110



4.3.4. Equations of Energy Conservation

By applying the first law of thermodynamic for the liquid film and vapor core phases, the
basic energy conservation equations of the liquid and vapor phases are expressed by Eq. (4.13),

and Eq. (4.14) as follows,

d u? . P . P u?, P, 23
PP [pfafuf (hy + 7)1 =~ dpg — T+ )7+ Ty (4.13)
d u? P, u?. P, P.
g — " 3 gl i i
dz lpyug“g(hg +7)l =dgig Tt F(hy; + T)Z ~Tlgilgiy (4.14)

Where, q,,, is the uniform heat flux applied at the external surface of the micro-channel. For the
evaporation conditions, the term qg is the heat flux transfers from the liquid phase to the
mterface, and q;i is the heat flux transfers from the nterface to the vapor core. h¢ and h, are the
enthalpy of the liquid film and the vapor core respectively. hg and hy; are the liquid and vapor
mterfacial enthalpies at the mterphase which are assumed to be the same at thermodynamic
equilibrium conditions. By expanding the derivatives, the energy equations of liquid and vapor

phases, the energy equation of the vapor phase, and the whole mixture can be rearranged and

represented by Eq. (4.15), and Eq. (4.16) as follows,

uf] dug uf} dag dhg
Pgg(hy +30) |2+ 1pgug(hg + 20 | ==+ [Pg”g“g]g (4.15)

2
i

=qgiZ—F(hgi +7)Z+ Tl
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uf |du, us |dug
pfaf(hf+3?) d_Z+ pgag(hg +3?) E

2
Uy

u? lda dh
f 4.1
+ lpgug <hy + 2 ) — prug(hy + 7)ld_zg T [pgug“g]d_zg (4.16)

. P

dh
+loryel gy =y

4.3.5. Estimation of Interfacial Parameters

Considering the assumptions listed above in section 2.1., six main mterfacial parameters
at the liquid-vapor interphase, I, q;i, q}i, T;, U;, and f;, in the present work are still need to be
evaluated for closing the model analysis. The mass flux of liquid film evaporation at the
mterface, I', is calculated based on the gas kinetic theory which has been discussed in many
previous studies in the literature (e.g. Wayner et al. [215], Carey [216], Schonberg et al. [217],
and Vi and Dunn [218]). Since, most of the proposed models for calculating mass flux at the
mterface are dependent of the thermo-physical properties of the phases, as well as the mnterfacial
and vapor phase temperatures, it has been assumed in the present study, that the interfacial
temperature equals to the vapor temperature which is evaluated here based on the modeled vapor
enthalpy. On the other hand the liquid temperature is calculated based on the liquid enthalpy.

Accordingly, the mass flux of evaporation at the interface can be expressed as follows,

1/2 1/2
r=p< M ) Cog _ Cor 4.17)
2R hg hf

Where p is the pressure, M is the molecular weight of the working fluid, R is the universal gas
constant, C,,, is the vapor specific heat capacity, C,,; is the liquid specific heat capacity, h, is the

specific enthalpy of the vapor phase, and h; is the specific enthalpy of the liquid film.

Regards to the energy transfers from the liquid at the interface, q}i, one can assume that all the
heat flux applied at external surface of the channel wall transfers by conduction through the

channel wall mto the liquid phase in the radial direction and no heat transfers n axial direction,

consequently it will equal to the liquid heat flux at the interface, (qw = q}i). Considering the
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mass flux of liquid film evaporation, and the latent heat of evaporation, h¢, the energy balance

at the liquid-vapor mterface can be represented as follows,

The nterfacial shear stress is one of the most important parameters in the annular flow
regine, and has a significant effect on the liquid film thickness. In the present study, the

mterfacial shear stress was calculated based on the friction factor approach as follows,

1
L2 =§fipg(ug _uf)lug_uf| (4.19)

For predicting the interfacial friction factor, several previous studies have discussed the
correlations of interfacial friction factor (e.g Chisholm [219], Walls [200], Henstock &
Hanratty [220], Brauner & Maron [69], Andritsos & Hanratty [221], Hartnett & Minkowycz
[222], and Quiben & Thome [171] ). The correlation of mterfacial friction factor proposed by
Quiben and Thome [171] for annular flow pattern is used i the present work and represented as

follows,

12 _ 2y —0.4 0.08
(fi)annular = 0.67 (%) <M> (Z_j> (Wef)_O'OM (4.20)

Where D is the channel diameter, g is the gravity, p, is the vapor dynamic viscosity, y, is the
liquid dynamic viscosity, p, and p; are the vapor and liquid densities respectively. § is the liquid

film thickness and can be defined in terms of vapor void fraction as follows,
D
§= (E) (1-ad®) (4.21)

Liquid Weber number, Wey, is calculated as

u:D
We, = Prty (4.22)
o

The interfacial velocity at the interface plays a significant role for considering the influence of

mterfacial parameters in momentum and energy equations. In the present study, the mterfacial
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velocity is calculated in terms of working fluid properties and liquid film thickness using the
relation proposed by Vij and Dunn [218], which is represented as follows,

w=2[()w - (=) wl/|GD) - (25| (4.23)

4.3.6. Wall Shear Stress and Friction Factor:

The wall shear stress t,,, n the right side hand of the momentum equation of the whole

mixture, Eq. (4.12),is given in terms of liquid film velocity and the working fluid density as,

1
T, = Epfffu]% (424)

For wide range of flow conditions which cover laminar transitional, and turbulent flow
conditions, different correlations discussed in Li and Wu [74] for predicting friction factor have
been employed including the correlation of Churchill [223] which takes into account surface

roughness effect. The frictional correlation are expressed as follows,

fi for Re; <1600
fr=1r for Re; > 3,000 (4.25)
fs for 1600 > Re; > 3,000
Where
f1 = 16/Re; (4.26)

12 1/12
i)+ e

4.27)
_[.4571 1 16 _[37530]*°
T Re) ¥ 027(e/D) ‘l Re; l
fy = £,1600) + =020 £,(3000) - £,(1600)] @29)
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Where Re, is the based-liquid film Reynolds number which is calculated in the present model
using the predicted values of average liquid film thickness §, and average liquid film velocity Ur

at every heat and mass fluxes applied as follows,

_ Py Dy

Re
f Wy

(4.29)

4.3.7. Main Form of the Present Model:

In summary of the analytical part, six expanded equations represent the final form of the
present model. These equations are as follows: two equations from the mass balance which are
the mass conservation equation of the vapor phase Eq. (4.7), and the mass conservation equation
of the whole mixture, Eq. (4.8), and two momentum equations, which are the momentum
conservation equation of the vapor phase, Eq. (4.11), and the momentum conservation equation
of the whole mixture, Eq. (4.12), and the energy conservation equation of the vapor phase, Eq.
(4.15), and the energy conservation equation of the whole mixture, Eq. (4.16). Consequently, the
final form of the present model equation is organized and formulated in a mass matrix form as

follows:
AY =B (4.30)

Where A, is a square mass matrix which contains the coefficients of the dependent variables

obtained by expanding the differential terms of the main equations. The gradient of the main

dependent variables is represented by the column vector Y, and the column vector B represents
the nonhomogeneous part of the present model The main model equation can be rewritten in

details as depicted in Eq. (4.31).
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4.3.8. Equivalent Reynolds Number:

It is very convenient and helpful in two-phase flow to use the equivalent Reynolds
number (Reeq) instead of liquid-phase and vapor-phase Reynolds numbers. The equivalent
Reynolds number was defined in several previous studies (e.g. Akers et al. [55], Yan and Lin
[149], and Laohalertdecha and Wongwises [224]). In the present study, the equivalent Reynolds
number is used to describe the range of database collected from the literature and employed for
model validation as well as to describe the applicability of the present model. Re,, is defined in
terms of average vapor quality (x,,,) and properties of the working fluid as developed by Akers et
al. [55] and as given in Eq. (4.32),

GD
Re,, = ,u_fh [(1 — X)) + xm(pf/pg)o's] (4.32)

4.4. Initial Values of the Model Variables

In order to solve the main model equation, Eq. (4.31), the mitial values of the dependent

Varlables, ugO’ ufoa ago: bo » h

g0- and hg, at the entrance of the micro-tube should be estimated

properly. The initial values of the pressure, p,, the vapor phase enthalpy, h,,, and the liquid
phase enthalpy, h¢,, are evaluated based on the let saturation temperature. The initial values of

the rest of the main parameters are evaluated as explained i the following sections.

4.4.1. Initial Value of Void Fraction

It should be noted that the mitial vapor void fraction is mainly dependent on the mitial
liquid film thickness, which is an essential parameter for studying the annular flow regime.
Furthermore, predicting its initial values properly is very significant. Thus, several investigations
for predicting liquid film variation either in slug flow or annular flow have been done. It has
been revealed by Moriyama and Inoue [125] that the liquid film thickness is influenced by the
capillary number for large bubble acceleration, while mainly influenced by the viscous boundary
layer for small bubble acceleration. Most of available correlations for liquid film thickness
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prediction either for slig or annular flow regime were developed based on the experimental data
measured at adiabatic flow conditions (e.g., Irandoust and Andersson [35] , Han and Shikazono
[225], [128], Kanno et al [131] ). On the other hand, some other correlations of liquid film
models developed based on boiling conditions, but overpredicted the experimental data due to
the influence of mterfacial instability as reported by Revelln et al. [38]. In general, it would be
more realistic to employ a correlation for predicting the mitial value of the liquid film thickness
considering the above mentioned effects, (ie., bubble acceleration, laminar, and turbulent flow).
Additionally, the mitial liquid film thickness at boiling conditions may be fairly estimated using
the correlations developed at adiabatic conditions as it has been proven by Han et al. [40].
Consequently, in the present model, the mitial liquid film thickness is predicted using the
correlations developed by Han and Shikazono [128] as given by Eq. (4.33):

)
D steady

( 0.67 Ca?/? 433
| Re < 2000 (4.33)
_ 4 1+ 3.13 Ca?/3 4+ 0.504 Ca®672Re058% — 0.352 We 0629
106 (u*/poD)?"? Re = 2000
e =
L1 +497.0(u%/poD)?/3 + 7330(u? /paD)?/3 — 5000(u?/paD)?/3

The correlation developed by Han and Shikazono [128], Eq. (4.33), was able to predict the
experimental data measured by the authors for various working fluids and micro-tube sizes with

an accuracy of + 15%. Furthermore, by considering the bubble acceleration effects, Han and

Shikazono [129], expressed the mitial liquid film thickness by Eq. (4.34).

= accel
" 1+ 4.838 Ca?/? Bo~ %41 (4.34)

accel

D

(60> 0.968 Ca?/3 Bo %14
accel

Where, Bo is the Bond number based on the bubble acceleration that is expressed as Bo =
(pg aDZ/ 0). In the present model, the bubble acceleration is determined based on the mean
vapor velocity, and heated length, a = (ﬁf] / 2Lh), mstead of bubble velocity since the adopted
flow pattern is the annular flow regime. Consequently, based on the two values obtained from

Egs. (4.33) and (4.34) of the ratio, (5,/D), the initial liquid film thickness is given by the
mmimum value as reported by Han and Shikazono [128] [129], as expressed by Eq. (4.35),
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é 6 6
(—°> = min [(—0) ) <—°> l (4.35)
D D steady D accel
The mitial value of the vapor void fraction is calculated as follows,

D —26,)*
ago = [(D—Zt)l (436)

4.4.2. Initial Values of Liquid Film and Vapor Velocities

The initial values of vapor and liquid film velocities at the onset of annular flow are

calculated i terms of initial liquid film thickness using Eq. (4.37) and Eq. (4.38):

Uy, = (Gx,/py)(D?/(D —26,)%) (4.37)

ugo = (61— x.)/p,) (02/(46,(D ~ 5,))) @38)

Where, x, is the vapor quality estimated at the exit of the micro-tube. In the present model, the
exit vapor quality, x,, is calculated based on the energy balance of a micro-tube subjected to a
uniform heat flux, and it is given by Eq. (4.39) in terms of the heated length-to-diameter ratio for
zero-inlet sub-cooling enthalpy (inlet saturated conditions), and the Boiling number.

x, = 4BI(L,/D,) (4.39)

The Boiling number is calculated as expressed by Eq. (4.40) as follows,
Bl =(q,,/Ghy,) (4.40)

The mitial value of the pressure at the mlet of the micro-tube is evaluated based on mlet

saturation conditions of the experimental data.
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4.5. Solution Procedure

The main differential equations represented in the mass matrix form which are expressed

by Eq. (4.31) are solved using a MATLAB code based on explicit Runge-Kutta method. The

solution procedure can be described as follows:

10.

. Fistly, the operating conditions such as, mlet saturation temperature, mass flux, and heat

flux, channel geometry, and heated length are defined, as well as the properties of the
working fluid which are estimated at the inlet saturation temperature or pressure.

The domain of the micro-channel is divided based on the heated length into small segments
with length Az, and the local vapor quality is calculated using Eq. (4.39).

The non-dimensional numbers, Re, We, Bl, and Ca are calculated.

The mitial liquid film thickness is calculated by Eq. (4.35), and consequently the vapor void
fraction, Ago>

estimated by Egs. (4.36), (4.37), and (4.38), respectively.
The based-liquid film Reynolds number, Re;, the liquid film friction factor f;, and the wall

the initial values of vapor core velocity u liquid film wvelocity uy, are

go>

shear stress T, , are calculated using Egs. (4.29), (4.25), and (4.24), respectively.
The liquid Weber number,Wey, is calculated as defined by Eq. (4.22), while the mass flux of

evaporation at the interface, I',and the vapor heat flux at the interface, q;ﬁ are calculated by
Eq. (4.17), and Eq. (4.18), respectively.

The mterfacial velocity, u;, the mterfacial friction factor, f;, and mterfacial shear stress, 7;,

i
are calculated by Egs. (4.23), (4.20), and (4.19), respectively.

Solving the set of equations of the present model represented by Eq. (4.31), considering the
mitial values as they have been estimated above.

Update the values of the main dependent parameters, Ug, Us, Ay, D, h

g and hf, then repeat

steps 3-7 for the next segment along the heated length. Consequently, the local values of the
main parameters are determined.
The local and average heat transfer coefficients can be determined as explained i the

following section by Eqs. (4.42), and (4.43), respectively.
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4.6. Results and Discussion

Heat transfer coefficient, pressure drop, and void fraction have been predicted and
discussed in the following sections. The experimental data collected from the literature which
fall in the annular flow regime have been used for validating the present model Furthermore, to
ensure that the collected data from the literature can be classified as macro/micro scale data, the

classification suggested by Ong and Thome [39] based on the confinement number, C has

conf>
been addressed and added. According to Ong and Thome [39], the flow can be considered as a
micro-scale flow when the confinement number reaches one, (Cwnf ~ 1), where the surface
tension effect is dominant. It is of mterest to represent the confinement number here which is

defined as,

Ceons = (1/D)J0/g(pf —py) (4.41)

4.6.1. Two Phase Heat Transfer Coefficient

It has been revealed by many investigators that convective liquid film evaporation is
promised to be the main dommant heat transfer mechanism for annular flow regime in horizontal
micro-channels. Furthermore, there is a significant relation between the liquid film thickness and
heat transfer coefficient in this regime. Based on the values of vapor void fraction predicted by
the present model, and considering the relation between the vapor void fraction and liquid fim
thickness as represented by Eq. (4.21), the variation of liquid film thickness &(z) in terms of
heated length can be calculated. Assuming that the heat transferred by conduction through the
channel wall equals to that transferred by convection through the liquid film. Thus, the local two-

phase heat transfer coefficient hy;, (z), under uniform heat flux conditions may be represented by

Eq (4.42).

k
hey(2) = T;) (4.42)
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Where k¢, is the thermal conductivity of the liquid phase, which is always much larger than that
of the vapor phase, of the working fluid estimated at the mlet saturation conditions.

By obtaining the local two-phase heat transfer coefficient along the heated length of the micro-
channel, the average two-phase heat transfer coefficient can be calculated by the following

expression, Eq. (4.43), for the exit vapor quality range that covers the annular flow regime:
Ly
ool 4.43
htp:ﬁf htp(z)dz (4.43)
0

Two-phase heat transfer coeflicient has been calculated by the present model and compared with
various experimental heat transfer data for a wide range of operating conditions for flow boiling
in single mini/micro-channels. The range of operating conditions of experimental heat transfer
data points collected from the literature and used for heat transfer comparison are listed in Table

@.1).
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Table (4-1): Test conditions of two-phase heat transfer data used for model validation.

Author(s) Geometry  Working Hydraulic Heated length Saturation Mass flux Heat flux
fluid(s) diameter L,, [mm] Temperature G,[kg/m?.s] q., [kW/m?]
Dy, [mm] Tyq [°C]
Mahmoud & Circular R134a 0.52,1.10 100, 450 22.0 300 56-78
Karayiannis [207]
Tibirica [176] Circular R134a, 1.10 180 31 300-600 15-35
R1234ze
Ali et al. [206] Circular R134a 0.781 191 30.0 270-500 5.0-60.0
Ong & Thome Circular R134a, 1.03 180 31.0 200-400 21.5-43.0
[97] R236fa
Saitoh et al. [226] Circular R134a  0.51,1.12,3.10 550, 935, 3235 5.0, 10.0 150-300 12.0-27.0
Yan & Lin [149] Circular R134a 2.0 200 31.0 100-200 5.0
Ducoulombier et Circular CO2 0.529 160 -10.0 200-1200 10.0-30.0
al. [61] 0.0 200-600
Wuet al. [177] Circular CO2 1.42 300 -10.0 300-500 7.5-29.8
Choi et al. [144] Circular CcO2 1.50 2000 +10.0 300-500 10.0
Lee & Lee [22]  Rectangular R113 0.784 300 50.0 104-208 5.0-15.0
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Figure 4-4 shows the variation of two-phase heat transfer coeflicient of saturated flow
boiling of the refrigerant R-134a in terms of vapor quality as predicted by the present model for
flow through a 1.12 mm inner diameter tube, and a ratio of heated length to inner diameter (L, /
D) =835 at an inlet saturation temperature Ty, = 10 °C, corresponding to a confinement
number C.,,r = 0.81. It is apparent that by increasing the mass flux and the vapor quality, the
heat transfer coefficient increases. Compared to the heat transfer data measured by Saitoh et al.
[226], it can be seen that the model predicted well the heat transfer coefficient data at low mass
flux, 150 [kg/m?.s], in the range of vapor quality of (0.38 < x, < 0.70) with a MAE of 5.90
%, and for mass flux 300 [kg/m?.s], in the range of vapor quality of (0.38 < x, < 0.90) with a
MAE of 10.72 % . At low mass flux 150 [kg/m?.s], the experimental data showed a decrease in
heat transfer coeflicient by increasing the vapor quality beyond the vapor quality line x, > 0.7.
A possible explanation for this is that this could be the effect of the transition from annular to
dry-out flow regime at this vapor quality. On the other hand, the present model overpredicted the
heat transfer data measured for 150 kg/m?.s beyond the vapor quality line (x, > 0.7), where it
showed an increase in heat transfer coefficient by increasing the vapor quality. The
corresponding equivalent Reynolds numbers for this range of mass fluxes are 3820 < Re,q <
7370. Additionally, the corresponding Re,, for the mass flux 300 [kg/ m?.s] is Re,q = 7370
where the present model provided a good agreement with experimental data even beyond the
vapor quality x, > 0.7, the liquid film evaporation dommnance may explain the good match with
experimental data in this regime.

For higher ilet saturation temperature T,,, = 30°C, higher mass fluxes, G = 270 —
500 kg/m?.s corresponding to (3,175 < Re,q <6,077), and smaller iner diameter tube,

D=0.781 mm, and lower density ratio, (pf/pg) = 31.64, and C,,,; = 1.04, the present model
was compared with heat transfer data of Ali et al. [206] as shown in Figure 4-5. From this figure,
the experimental data shows that the average two-phase heat transfer coeflicient for the
mentioned range of mass fluxes increases by increasing the mass flux and the vapor quality. The
model predicted well the experimental data for mass fluxes 270,and 400 kg/m?.s, with MAE
of 6.87 %, and 11.51 % respectively. While for the mass flux, 500 kg/m?.s, it can be seen that
there is a slight underprediction of the data.
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Figure 4-4: Heat transfer coefficient for flow boiling of the refrigerant R134-a in 1.12 mm inner
diame ter micro-channel versus vapor quality for various mass fluxes, and comparison of the heat
transfer data predicted by the present model with those of Saitoh et al. [226] at T, = 10 °C
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Figure 4-5: Heat transfer coefficient for flow boiling of the refrigerant R134-a in 0.781 mm inner

diame ter micro-channel versus vapor quality for various mass fluxes, and comparison of the heat
transfer data predicted by the present model with those of Ali et al. [206] at T, = 30 °C.
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In order to investigate the influence of the working fluid on the heat transfer coeflicient,
the model was compared with the experimental heat transfer data available in the literature for
flow boiling of CO2 mn 0.529 mm inner diameter horizontal smooth micro-tube, measured by
Ducoulombier et al. [61] for low heated length to inner diameter ratio, (L, /D) = 302, and low

saturation temperature, Tg,, = 0°C, corresponding to Cp,r = 1.41, and much lower density
ratio, (pf/ pg) = 0.5, as depicted in Figure 4-6. It is apparent that for the ntermediate exit vapor
quality,0.25 < x, < 0.75, the model gave similar trend for the two-phase heat transfer

coefficient for the tested mass fluxes, 200,400,600kg/m?.s, and corresponding equivalent
Reynolds numbers, 2,170 < Re,q < 7,320. While beyond a certain value of vapor quality (e.g.
X, > 0.72 for mass flux 200kg/m?.s), the model showed a steep increase in heat transfer
coefficient. This value of vapor quality increases by increasing the mass flux. Additionally, it has
been noticed that the model slightly underpredicted the experimental heat transfer data for higher
mass fluxes. The reason for this could be attributed to the significant effects of mass flux on the
flow pattern and the boundary of annular flow regime as well as the onset of dry-out. Overall, for
these flow conditions, the model predicted the tested heat transfer data of the annular regime

with MAE = 10.98 %.

For a larger tube diameter, Dy, = 1.5 mm, and same working fluid, CO,, at higher

saturation temperature, T, = 10°C, corresponding to C = 0.41, and much lower density

conf
ratio, (pf/ pg) = 6.37, the model was compared to the data of Choi et al. [144], as depicted in
Figure 4-7. According to the flow pattern map, updated by Cheng et al. [103] for CO2, the
boundaries of annular flow regime for mass fluxes 300, and 400 kg/m?.s are (023 <x <
0.72), and (0.23 < x < 0.68), respectively. From the Figure 4-7, a good agreement with the
tested data at an intermediate and a high vapor quality range, (0.15 < X;; < 0.75), can be
clearly seen for mass fluxes 300, and 400 kg/m?.s. However, for mass flux 500 kg/m?.s, and
vapor quality, x = 0.45, the model slightly underpredicted the experimental data. One reason of
this underestimation is that the change of flow pattern of the tested data at this vapor quality. A
second reason can be attributed to the flow mstability where it is a quite hard to have a stable
annular flow pattern. In general, for the tested range of equivalent Reynolds numbers, 8,700 <
Reeq < 12,060, the model predicted the heat transfer data of the CO2 with MAE = 10.67 %.
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Figure 4-6: Heat trans fer coefficient versus vapor quality for flow boiling of CO2 in 0.529 mm inner
diame ter micro-channel for various mass fluxes, and comparison of the present model with the data
of Ducoulombier et al. [61] at Tz, = 0 °C.
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Figure 4-7: Heat trans fer coefficient versus vapor quality for flow boiling of the refrigerant CO2 in
1.5 mm inner diameter micro-tube for various mass fluxes, and compared with the experimental
data of Choi et al. [144] at T, = 10 °C.
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Overall, the present model has been compared with 602 two-phase heat transfer data
points which have been collected from different resources for annular flow regime for various
working fluids and operating flow conditions corresponding to a wide range of equivalent
Reynolds number of 2,150 < Re.q < 18,350, as shown in Table (4.1). The model predicted the
whole experimental heat transfer data of the annular flow regime with a MAE of 18.14 % as
depicted in Figure 4-8. Bland-Altman plots have been employed here to analyze and assess the
ability of the present model for predicting the heat transfer experimental data pomts. The upper
limit of agreement (ULOA) is +9.85, while the lower limit of agreement (LLOA) is -6.14. As it
can be seen, both of the data points predicted analytically and experimentally are uniformly
scattered around the mean line of the difference, (Mean=1.85). However, as the average of the
two results increases the difference increases and passes beyond the lLimits of the agreement. The
results plotted over the upper limit of agreement (ULOA), are for the CO2 flows with Re,q >
12,500, where the model underestimated the experimental data points. Therefore, the range of

model applicability is restricted to the limits of agreements (ULOA=+9.85, LLOA=-6.14).
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Figure 4-8: Using Bland-Altman Plot method for assessing the agreement between the average two-
phase heat transfer coefficient predicted by the present model and those measured experimentally
(602 data points) for various working fluids and flow conditions as shown in Table (4.1) for the
annular flow regime
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4.6.2. Two Phase Pressure Drop

Two-phase pressure drop for flow boiling in micro-channels have been predicted by the
present model for the working fluids and operating flow conditions which are listed in Table
(4.2). Figure 4-9 compares the two-phase pressure drop results obtained by the present model
with those measured by Revellin and Thome [3] for flow boiling of the R134a through a micro-
tube has an mner diameter of D=0.509 mm and a heated length to mner diameter ratio of
(L,/D) =138, at an inlet saturation temperature T, = 30 °C, that matches a confinement
number, C,,, = 1.59, for wide range of mass fluxes, 350 to 1500 kg/m?®.s, corresponding to a
range of equivalent Reynolds number of 2,400 < Re,, < 8,800. According to the diabatic flow
pattern map developed by Revellin and Thome [75] for flow boiling in micro-channels, for the
same operating conditions, the transition lines from coalescing bubble to annular flow, and from
annular to dry-out flow regimes vary by varying the mass flux. For instance, the boundaries of
annular flow for mass fluxes 350, 700, and 1000 kg/m?.s, are (0.36 <x < 0.87), (0.18 < x <
0.63), and (0.13 <x < 0.54), respectively. It is of interest to notice that the boundaries of the
annular flow regime become narrower as the mass flux increases. It can be seen from Figure 4-9
that the pressure drop increases as the mass flux and vapor quality increase. Additionally, for the
annular flow regime, the present model predicted well the effect of mass flux and vapor quality

on the pressure drop, and gave a good agreement with the experimental pressure drop data of
Revellin and Thome [3], with a MAE of 23.24 %.
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Table (4-2): Test conditions of two-phase pressure drop data points used for model validation

Author(s) Geometry Working Hydraulic Heated Saturation Mass flux Heat flux
fluid(s)  diameter length  Temperature G,[kg/m?.s] q,,, [kW/m?]
Dy, [mm] Ly, [mm] T, [°C]

Tran et al. Circular R134a 2.46 914 32.8 52 — 475 2.2-49.8
[164]
Tibirica et al. Circular R134a 2.32 464 31.3 200 —-600 10-55
[176]
Revellin & Circular R134a 0.509, 70.7 30 350 - 1000 3.1-415
Thome [3] 0.790
Hwang & Circular R134a 0.244, 60, 180, 26.7 140 — 950 -
Kim [166] 0.430, 462
0.792
Cavallini et Circular R134a 0.960 229 40 400,600 -
al. [204]
Ducoulombier  Circular CO2 0.529 191 -5,-10 200-1400 -
et al. [227]
Wu et al. Circular CO2 1.42 300 -10 300-600 7.5-29.8
[177]

130



103\\\\l\\\\l\\\\l\\\\l\\\\l\\\\\\\\\\\\\\\\\\\\
R134a
MAE=23.24 %
D=0.509 mm, L=70.7 mm, T=30 °C

10° | = =
- HOQRC - - ]
i OVIE Brens K AN @ i
¥, 00Q OO0 == = e -
2 - . D DD h
y Bl D> =
P> .—Fm_. o |0 _
. -+, =
=2y -V VW]
S avabhY \% ]
% YV 1
Revellin & Thome [75], G=350 [kgImZ.K] N
Revellin & Thome [75], G=500 [kglmz.K]
Wv Revellin & Thome [75], G=700 [kg/m’.K]
(_ Revellin & Thome [75], G=1000 [kg/m>.K]
100 = Revellin & Thome [75], G=1200 [kg/m*.K] |—
- v’ Revellin & Thome [75], G=1500 [kg/m*K] | ]
- = Y=  Present Model, G=350 [kg/m’.s] E
- e Present Model, G=500 [kg/m®.s] b
B == === Present Model, G=700 [kg/m®s] b
B - - Present Model, G=1000 [kg/m’.s] 1
| = ==  Present Model, G=1200 [kg/m’.s]
Present Model, G=1500 [kglm’.s]
10'1\\\\\\\\\\\\\\\\\\\\'\\\\'\\\\'\\\\'\\\\'\\\\
0 01 02 03 04 05 06 07 08 09 1
Vapor quality, X_ .,

Figure 4-9: Comparison of pressure drop predicted by the present model with that measured by

Revellin and Thome [75] for flow boiling of R-134a at inlet saturation te mperature of 30 °C through
a micro-tube with an inner diameter of D=0.509 mm and heated length of 70.7 mm, for range of

mass fluxes of 350 to 1500 [kg /m?2.s].
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Figure 4-10: Comparison of pressure drop predicted by the present model with those measured by
Hwang and Kim [166] for flow boiling 0of R-134a at inlet saturation pressure of 700 kPa through a
circular micro-tube with an inner diameter D=0.430 mm.
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Furthermore, Figure 4-10 compares the results of the pressure drop obtained by the
present model with those measured by Hwang and Kim [166] for flow boilng of R-134a in a
0.486 mm inner diameter micro-tube at an inlet saturation temperature T, = 26.7 °C, matches a

confinement number, C = 1.93, and a ratio of heated length to nner diameter (L, /D = 415)

conf
for a range of mass fluxes 270 to 900 kg/m?.s, corresponding to a range of equivalent Reynolds
number of (2,113 < Reeq < 7,611). It has been seen that, for the mass flux 270 kg/m?.s
which corresponds to an equivalent Reynolds numbers Re,, = 2,100, the model showed a
smooth and gradually increase in pressure drop by increasing the vapor quality in the range of
vapor quality of (0.28 < x < 0.84) and predicted very well the experimental pressure drop data.
On the other hand, for the mass flux 510 kg/m?.s, and Re.q = 4,000, the model, noticeably,
overpredicted the pressure drop data at low and intermediate vapor quality, and a slight decline
in the trend can be observed at the vapor quality x = 0.60, where beyond this vapor quality the
model gives a good agreement with the pressure drop data. Regards, to the mass flux 900 kg/
m?.s , and Re,q = 7,600, a very well agreement with pressure drop data can be noticed i the
range of vapor quality of (0.40 <x < 0.70), while after this vapor quality a slight decrease in
pressure drop was predicted by the model. The decline positions, observed i the line graphs for
the mass fluxes 510 and 900 kg/m?®.s may represent the transition lines fiom slg flow to
annular flow, and from annular flow to dry-out flow regime, respectively. Overall, for the

equivalent Reynolds numbers, 2,000 < Re,q < 7,600 the model gave a good agreement with
the measured pressure drop data of Hwang and Kim [166] with MAE of 16.98 %.

Additionally, in order to investigate the influence of fluid properties on the two-phase
pressure drop in micro-channels, the present model has been compared with the two-phase
pressure drop data measured for CO2. For instance, Figure 4-11 shows a comparison between
two-phase pressure drop data predicted by the present model and those measured by
Ducoulombier et al [227] for flow boiling of the CO2 in a 0.529 mm mner diameter micro-tube
at low inlet saturation temperature T,,, = —5 °C, and a confinement number, C F= 1.52, with

sat con

a ratio of heated length to inner diameter (L, /D) = 360, and a low liquid to vapor density ratio
of (ps/py= 11.47). Noticeably, the figure showed that a gradual increase in pressure drop by
increasing the mass and vapor quality can be seen. Moreover, the model predicted well the

pressure drop data for the range of mass fluxes, (200 to 800 kg/m?.s), and equivalent Reynolds
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number of ( 2,260 < Reyq < 9,025). However, the model slightly, overpredicted the pressure
drop data for the mass flux, 1000 kg/m?.s and (Reqq = 11,280) for the vapor quality
range (0.40 < x < 0.80). Again, a marked decline can be observed at different positions on the
lme graphs, which are varied by increasing the mass flux. A possible explanation for this is the
influence of mass flux on the boundaries of flow pattern regimes. Moreover, a sharp decline in
pressure drop can be seen for low mass flux, 200 kg/m?2.s at very high vapor quality, x > 0.96,
and this could be attributed to the dry-out of the liquid film thickness at this vapor quality. The
results of this comparison showed that the model gave a fairly good prediction of the pressure
drop data of Ducoulombier et al [227] which fall n the range of equivalent Reynold
number (2,260 < Re., < 11,280), with a MAE of 10.18 %.

Figure 4-12 presents the pressure drop of flow boiling of CO2 mn a 1.42 mm mner
diameter mini-tube predicted by the present model, and compared with pressure drop data of Wu
et al. [177] measured at a much lower inlet saturation temperature ( T,,, = —10°C), and a

confinement number, C

at

cons = 0.6, with a lower ratio of heated length to inner diameter (L, /D =

211), and a low liquid to vapor density ratio (py/p, = 13.83), for mass flux range of
300 to 600 kg/m?.s , and (9,300 < Re,, < 38,500). The figure showed that there has been a
noticeable underestimation by the model of the pressure drop data. However, the model
predicted the pressure drop data in the mentioned range of equivalent Reynolds number with a
MAE of 18.97 %. The degree of underestimation increases as the mass flux increases, and this
can be attributed to the effect of the flow mode on the smoothness of the mterface, and
consequently on the flow instability of the flow pattern regime. Another possible explanation, for
this underestimation, is that for C,, = 0.6, the gravity force still plays a significant role and

mfluences the model accuracy since it was neglected.
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Figure 4-11: Comparison of pressure drop predicted by the present model with the experimental
data of Ducoulombier et al. [227] for flow boiling of CO2 at T, = —5. 0 °C, through a circular
micro-tube with D=0.529 mm, and heated length of 191 mm for mass fluxes range of 200 —

1000 [kg/m?.s|.
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Figure 4-12: Pressure drop predicted by the present model versus vapor quality and compared with
experimental data of Wu et al. [177] for flow boiling of CO2 at T,; = —10 °C, through a circular
micro-tube with D=1.42 mm, and heated length of 300 mm, for mass fluxes range 300 —

600 [kg/m?2.s].
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In summary, the present model has been compared with 498 two-phase pressure drop
data points of annular flow regime collected from the available literature for the working fluids
and operating conditions shown in Table (4.2), corresponding to equivalent Reynolds numbers,
1,900 < Req < 38,140, heated length to inner diameter ratios,90 < (L,/Dy) < 580, and
saturation temperature range of,—10°C < T,,, < 40°C, that provide a wide range of liquid to
vapor density ratio of 11.45< (pf/ pg) < 35.0. The results predicted by the present model, along
with collected experimental data have been plotted using Bland-Altman plot as shown in
Figure 4-13. The calculated mean difference is Mean=-3.59, while the upper and lower limits of
agreements are (ULOA=+18.75) and (LLOA=-25.95) respectively. As it can be seen, most of the
data points (93.8 %) are fallen in the limits of the agreement. In general, the present model gave
a good prediction for the two-phase pressure drop data points with a MAE of 23.02 %.
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Figure 4-13: Using Bland-Altman Plot method for assessing the agreement between the average
two-phase pressure drop predicted by the present model and those measured experimentally (498
data points) for various working fluids and flow conditions as shown in Table (4.2) for annular flow
regime.
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4.6.3. Void Fraction

Void vapor fraction for flow boiling in single micro-tubes has been calculated by the
present model and compared with the experimental data measured by Shedd [228] for flow
boiling of the refrigerant R410a n 0.508, 1.19, and 2.92 mm mnner diameter single micro-tubes at
inlet saturation temperature range from 43.5 to 50 °Cand a range of mass flux from 200 to

800 [kg/m?.s]. The results of vapor void fraction are presented as follows,
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Figure 4-14: Void fraction versus vapor quality for flow boiling of R410a in 0.508 mm inner
diameter tube at T, = 44.0 °C, and 600 [kg/m?.s] mass flux.

Figure 4-14 shows the variation of vapor void fraction versus vapor quality predicted by
the present model and those measured by Shedd [228] for flow boiling of R410a n 0.508 mm
nner diameter tube at inlet saturation temperature 44 °C, and a confinement number, C,,r =
1.14,with mass flux of 600 [kg/m?.s], which corresponds to an equivalent Reynolds number
Re., = 6,050. It can be seen that the model predicted well the void fraction data in the range of
vapor quality of (0.10 < x < 0.90). However, a slight overprediction of the void fraction data

can be observed beyond the vapor quality x> 0.70, which can be attributed to the transition
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from annular flow to mist flow regime. For larger tube size, 1.19 mm, and the same mass flux,
600 [kg/m?.s], and similar inlet saturation temperature, 43.5 °C, which matches a confinement

number, C =0.49, and corresponds to a higher equivalent Reynolds number Re,, =

conf
14,300, the average vapor void fraction of the R410a, has been predicted and plotted together
with the void fraction data of Shedd [228] as depicted in Figure 4-15. A steady increase in the
void fraction predicted by the model can be observed for the void fraction fall in the vapor
quality range of (0.20 <x < 0.90), and a good agreement with the void fraction data points,
which fall in the range of vapor quality of (0.35 < x < 0.70), can be seen. Figure 4-16 presents
the variation of vapor void fraction in terms of vapor quality predicted by the present model and
those measured by Shedd [228] for flow boiling of R410a in a 2.92 mm mner diameter tube, with
a higher inlet saturation temperature, 50 °C, and mass flux, 600 [kg/m?.s], which matches an
= 0.27. It has

conf —

equivalent Reynolds number of Re,, = 35,400, and confinement number, C
been seen that the model predicts the trend of void fraction in terms of vapor quality.
Additionally, a good agreement with void fraction data can be seen for high vapor quality
regime, (0.65 < x < 0.90), which suggests the dominance of annular flow regime in this range
of vapor quality. Furthermore, according to a flow pattern map developed by Shedd [228] for the
flow of R410a in the same tube size and exact working conditions, the annular flow regime
boundaries fall in the range of vapor quality of (0.60 <x < 1.0). However, an obvious
overprediction can be observed for the void fraction data fall m low and intermediate vapor
qualities (0.15 < x < 0.65). A possible explanation for this is that for the slug flow regime the
void fraction is lower than that for the annular flow, and the present model was developed based
on the annular flow. One more explanation is that the scale effect plays a significant role

for C = 0.27, where the gravity factor cannot be neglected anymore. Therefore, this result

conf

suggests the limit of the present model at this equivalent Reynolds number and tube size.
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Figure 4-15: vapor void fraction versus vapor quality for flow boiling 0of R410a in 1.19 mm inner
diameter tube at T, = 43.5 °C, and 600 [kg/m?.s] mass flux.
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Figure 4-16: Void fraction versus vapor quality for flow boiling of R410a in 2.92 mm inner
diameter tube at T, = 50.0 °C, and 600 [kg/m?.s] mass flux.

Overall, the vapor void fraction of the flow boiling of the R410a has been calculated by
the present model and compared with 153 void fraction data points measured by Shedd [228] for
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the working conditions listed in Table (4.3), which correspond to a range of equivalent Reynolds
number, (2,160 < Re,, < 48,000), and confinement number, (0.27 < Ceons < 1.14). The
results are shown in Figure 4-17, and a good agreement with void fraction data can be observed

where the majority of the void fraction data points were predicted and fall in the limits of
agreement, with a MAE of 3.22 %.

Table (4-3): Test conditions of vapor void fraction data of R410a measured by Shedd [228] and
used here for model validation

Hydraulic diameter Saturation Temperature Mass flux
Dy, [mm] Tsqr [°C] G,[kg/m?®.s]
0.508 44.0 200, 400, 600, 800
1.19 44.0 200, 400, 600, 800
2.92 50.0 200, 400, 600, 800
02 1 1 1 l 1 1 1 1 l 1 1

Present Model, R410a
MAE =3.22 %
No. of data points=153
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Figure 4-17: Comparison of vapor void fraction predicted by the present model with those of Shedd
[228] for flow boiling of R410ain 0.508,1.19, and 2.92 mm inner diameter tubes at T¢,; = 44.0 to
50.0 °C, and range of mass fluxes, 200 to 800 [kg/m?.s].
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4.6.4. Vapor and Liquid Film Velocities

Vapor core, and lquid film velocities are modeled and calculated by the main model
equation, Eq. (4.31). It is of interest to present a sample of calculated velocities here. Therefore,
the vapor and liquid film velocities for flow boiling of CO2 in 1.42 mm mner diameter tube were
presented here. Figure 4-18 shows the variation of average vapor velocity versus the vapor
quality predicted by the present model for flow boiling of CO2 in 1.42 mm mnner diameter tube
with a ratio of heated length to mner diameter (L,/D = 210), at a low inlet saturation
temperature, -10 °C, for a range of mass fluxes, 300 to 500 [kg/m?.s], which correspond to a
range of equivalent Reynolds number, (8,700 < Re, < 14,800). The figure shows that there
has been a steady increase in vapor velocity by increasing the vapor quality. Furthermore the
model predicted the influence of mass flux on the vapor velocity, where it can be seen that the

higher mass flux is, the higher vapor velocity predicted.
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Figure 4-18: Average vapor velocity versus vapor quality predicted by the present model for flow
boiling of CO2 in 1.42 mm inner diameter tube at T;,; = —10 °C, and operating conditions similar
to those of Wu et al. [177] as listed in Table (4.1).
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For the same working conditions, the average liquid film velocity has been calculated by
the present model, and plotted as shown in Figure 4-19. Looking to the figure, a similar trend of
the liquid film wvelocity can be noticed at the three mass fluxes. For the mass flux 300
[kg/m?.s],( Re,, = 8,700), the liquid film velocity tends to slightly increase at the low vapor
quality, (x < 0.3), and then it is likely to level off in the vapor quality range (0.30 < x < 0.5),
after this, there has been a gradually decrease in liquid film velocity by increasing the vapor
quality. According to the flow pattern map updated by Cheng et al [103] for CO2, the
boundaries of annular flow regime corresponding to mass flux 300 [kg/m?.s] are fallen in the
vapor quality range, (0.23 < x < 0.72). It is of importance to mention here that these boundary
values of vapor quality represent the center line of transition lines, since the transition from flow
pattern to another does not occur instantly. With regards to the other two mass fluxes, 400, and
500 [kg/m?.s], a slow decrease in liquid film velocity for (0.4 < x < 0.68), and (0.45< x <
0.62), can be observed, and then a sharp decline in the liquid film velocity can be seen. The
significance of this result in addition to showing the trend of liquid film velocity, is that it would
be helpful to predict the transition lne from annular flow to mist/dry-out flow regime. In other
words, a slight fluctuation at x=0.65, and x=0.67 for the mass fluxes 400, and 500 respectively,

has been observed, and these points are very close to those suggested by the flow pattern map

updated by Cheng et al. [103] for CO2.

4.6.5. Liquid Film Thickness

Liquid film thickness for various working fluids listed in Table (4.1), and Table (4.2)
have been calculated by the present model, based on the relation between the modeled vapor
void fraction and liquid film thickness which represented by Eq. (4.21). A sample of the obtained
results for flow boilng of CO2 i 1.42 mm mner diameter is presented and discussed in this
section. Figure 4-20 shows the variation of liquid film thickness versus the vapor quality
predicted by the present model for flow boiling of CO2 n 1.42 mm mner diameter, with a mass
flux, 300 [kg/m?.s], which corresponds to, Re,, = 8,700, at an inlet saturation temperature -10
°C . It can be noticed from the figure that the liquid film thickness decreases by increasing the
vapor quality, and the mass flux. Moreover, the relationship between the liquid film thickness
and vapor quality is nonlinear in the annular flow regime (ie. for this case 0.2 < x < 0.8 ), after
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this, a sharp decrease in liquid film thickness can be observed, and this of course is due to the

onset of dry-out phenomenon.
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Figure 4-19: Liquid film velocity versus vapor quality predicted by the present model for flow
boiling of CO2 in 1.42 mm inner diameter tube at T;,; = —10 °C, and operating conditions similar
to those of Wu et al. [177] as listed in Table (4.1).
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Figure 4-20: Liquid film thickness versus vapor quality predicted by the present model for flow
boiling of CO2 in 1.42 mm inner diameter tube and the working conditions of Wu et al. [177]
presented in Table (4.1).
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4.7. Sensitivity Analysis of the Model

The ifluence of the mitial liquid film thickness which is calculated by Eq. (4.33), and
Eq. (4.34) on the two phase heat transfer coeflicient has been discussed by performing the
sensitivity analysis of the model. The analysis was performed for results predicted by the present
model for flow boilng of CO, in a 1.42 mm iner tube diameter for saturation conditions at
—10°C, with a mass flux, 300 [kg/m?.s], and for a range of vapor quality of 0.3 <x < 0.8.
Figure 4-21 shows the influence of mitial liquid film thickness on the performance of the present
model for predicting the two-phase heat transfer coefficient in annular flow regime.
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Figure 4-21: Sensitivity analysis of the two-phase heat transfer coefficient predicted by the present
model to the initial liquid film thickness.

It can be seen that for the vapor quality, x=0.7, decreasing or increasing the nitial liquid
film thickness by + 50 %, the deviation in the heat transfer coefficient does not exceed + 10 %.
On the other hand, for the vapor quality, x=0.4, it can be seen that the heat transfer model is
more sensitive to the initial liquid film thickness. One possible explanation for this is that, at the
vapor quality, x=0.4, the flow pattern could be slug flow pattern or coalescence bubble pattern
which is close to the transition line, where the lLquid film thickness fluctuates and becomes

unsteady. As the vapor quality increases, the model is less sensitive to the initial liquid film
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thickness. Therefore, in the range of annular flow regime, the sensitivity level of the model to the

mitial liquid film is reasonable, and acceptable.
4.8. Conclusions

A semi-analytical model to predict the two-phase heat transfer, pressure drop, and void
fraction in annular flow regime for flow boilng n a horizontal micro-channel subjected to a
uniform heat flux, has been developed based on the separated flow model The mfluences of
working fluid, channel size, and operating conditions on the two-phase heat transfer, pressure
drop, and void fraction have been considered. It has been noticed that, in the annular flow
regime, the two-phase heat transfer coefficient, pressure drop, and void fraction increase with
mass flux and exit vapor quality. The model has been compared with 1,253 experimental data
points, collected from the available literature, for model validation. The model was compared
with 602 two-phase heat transfer data for flow boiling conditions that cover a range of equivalent
Reynolds number 2,000 < Re,, < 18,350, and a range of confinement number, 0.3 < Cp,r <
1.8. The heat transfer data were predicted with model with a MAE of 18.14 %. Furthermore, the
model was compared with 498 pressure drop data points, which fall in the range of equivalent
Reynolds number 1,900 < Re,, < 38,400, and confinement number, 0.32 < C,,r < 3.4, and
showed a good agreement with the data with a MAE of 23.02 %. Regards to the void fraction,

the model was compared with 153 void fraction data pomts corresponded to 2,150 < Re,, <

48,000, and 0.27 < C < 1.14, and predicted the data with a MAE of 3.22 %. The

conf

applicability of the present model can be limited in terms of equivalent Reynolds number and
confinement number together. Overall, the present model is applicable for 1,900 < Re,, <
18,000, and 0.5 < C;ppr < 3.4. Moreover, two main applications of the present model can be
addressed here. Firstly, estimating the cooling load of the micro-channel heat sink based on the
operating condition. Secondly, predicting the two-phase pressure drop i the same flow regime,
and hence, estimating the pumping power required for circulating the working fluid at the
applied conditions. It is of interesting to point out here, that the present model may be extended
for the future work by considering the surface tension effect, and force gravity to improve the
model accuracy and expand its applicability range, and to be used for predicting the annular flow

regime boundaries.

144



Chapter 5

5. Investigation of Bubble Frequency in Slug
Flow Regime for Flow Boiling in a
Single Round Uniformly Heated
Horizontal Micro-Channel

Amen Younes', Ibrahim Hassan®", Lyes Kadem!

This paper was submitted to J. of Heat Transfer, and is under review.

"Department of Mechanical and Industrial Engineering, Concordia University,
1455 de Maisonneuve Blvd. W, Montreal, QC, Canada, H3G 1M
*Mechanical Engneering Department, Texas A&M University at Qatar

P O Box 23874, Doha, Qatar

145



5.1. Abstract

Slug flow is an essential flow pattern observed in micro-channels where its transition
boundaries in micro-channels are characterized by two complex hydrodynamic phenomena, bubble
confinement and bubble coalescence. Slug flow can be classified in terms of bubble size into two
major zones, which are the isolated bubble zone and coalescence bubble zone. In this paper, a semi-
analytical model for predicting the main characteristics of slug flow pattern (isolated bubble zone),
including the bubble frequency, for flow boiling in a horizontal micro-channel is developed for
diabatic flow conditions. The influences of surface tension, shear, and mertial forces are taken into
account. The model is developed based on the principle of drift flux model, and a fully developed
slug unit is chosen as a control volume for deriving the equations of motion. The effects of main
operating conditions, mass and heat fluxes, on bubble length and bubble frequency have been
mvestigated. The transition lnes which represent the boundaries of slug flow regime have been
estimated based on the most proper diabatic flow pattern map available in the literature for the
chosen database. The model has been validated using the bubble length and frequency database
available in the literature for flow boiling of two working fluids. The first one is R134a in a 0.509
mm  imner diameter horizontal micro-tube for wide range of mass fluxes,
(300 < G <1000 kg/m?.s), which corresponded to liquid Reynolds numbers 970 < Re; <
3,400, and confinement number C_,,r = 1.6. The second working fluid is R245fa flowing in a 3.0
mm inner diameter horizontal mini-tube for a range of mass fixes (300 < G < 700 kg/m?.s),
which corresponded to liquid Reynolds numbers, 3,390 < Re; < 7,900, and confinement
number, C., ¢ = 0.3. This study has shown that the mass flux has a significant effect on the slug

length and bubble frequency. The model gave a good agreement with the data of bubble length and
bubble frequency with a mean absolute error of27.83 % and 29.55 %, respectively.

KEY WORDS: flow boiling, horizontal mini/micro-channels, drift flux model, transitional velocity, slug flow
pattern, bubble dynamics, bubble frequency, isolated bubble zone, pressure drop.
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5.2. Introduction

Flow boiling micro-channels are widely used and have many applications, extensively in
heat sinks and compact heat exchangers. Typically, the main principle of micro-channel heat
sinks is to dissipate a high heat flux at a lower mass flux. Slug flow is promised to be one of the
dommant flow patterns in flow boiling in micro-channels, and characterized by its complicated
behaviour. Several experimental studies have been done for investigating slig flow
characteristics in micro-channels (e.g.,Triplett et al. [70]; Garimella et al. [79]; Lee et al. [118];
Revellin et al. [91]; Saisorn and Wongwises [80]; Fu et al. [119]; and Charnay et al [108]), and
numerous numerical studies have attempted to simulate and study hydrodynamics of slug flow in
micro-channels (e.g. Qian and Lawal [229]; He and Kasagi [230]; Zhuan and Wang [231]; and
Magnini et al. [232]). On the other hand, only few attempts have been made to analytically
predict slug flow characteristics n micro-channels (e.g. Moriyama et al [8]; Abiev [233];
Consolini and Thome [145]).

Bubble growth rate is a key parameter for studying bubble dynamics particularly in
bubbly flow regime where the onset of nucleate boiling is observed. A good attention for bubble
nucleation, growth, and departure for two-phase flow has been paid in the past. Cooper [234]
studied analytically the effect of micro-layer evaporation on the bubble growth rate n a liquid on
a heated wall, and highlighted the significance of the micro-layer evaporation and surface tension
on the bubble growth rate. Mikic et al. [235] have developed an analytical relation for predicting
bubble growth rate, based on Rayleigh’s equation, taking into account the influence of mertial
force and thermal diffusion on the bubble growth rate in a uniformly superheated liquid. Lee et
al. [118] experimentally investigated bubble dynamics for convective boiling in micro-channels
and concluded that bubble growth rate is controlled by mertia force, while bubble departure is

nfluenced by surface tension.

Liquid film is promised to dominate heat transfer mechanism in slug flow and annular
flow regimes. In their analysis of modelling elongated bubble zone in micro-channels, Jacobi and
Thome [114] confirmed that liquid film evaporation is a dominant heat transfer mechanism in
this regime. Recently, Consolini and Thome [145] have developed a heat transfer model for
predicting two-phase heat transfer coefficient for confined coalescing bubble flow which is
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observed at an intermediate vapor quality. They considered the influence of liquid mass
redistribution during bubble coalescing and predicted the coalescing bubble frequency where
they found that it decreases with increasing the vapor quality. Additionally, they revealed that the
liquid film evaporation dominates heat transfer mechanism in slug flow regime. Furthermore, the
complex phenomenon of the slig flow is promised to enhance the heat transfer mechanism for
flow boiling in micro-channels. Mehta and Khandekar [236] have recently mvestigated the
effects of slug flow on the heat transfer coeflicient by employng the Infrared Thermography
techniques by creating a water/air intermittent flow n a 5 mm X 5 mm square microchannel. It
has been verified that slug flow provides a local time-averaged Nusselt number 1.2 to 2.0 higher
than that obtained by liquid single phase at the same conditions. Similarly, in a study conducted
by Patil and Kandlkar [237], for mvestigating the effects of micro-porous coating on heat
transfer in pool boiling in open micro-channels, it has been found that departing bubbles
enhanced heat transfer coefficient, and the porous coating of the chip-tops enhanced the critical
heat flux (CHF).

Revellin et al [91] experimentally investigated, using an optical technique, bubble
coalescence and measured bubble velocity, bubble length, and bubble frequency for flow boiling
of R134a in 0.509 mm inner diameter circular horizontal micro-tube at 30 °C inlet saturation
temperature. In their study, they observed four main flow patterns and the transition lines,
namely, bubbly, slug, semi-annular, and annular flow regimes. They highlighted the mmportance
of bubble coalescing frequency in defining the transition line of the flow pattern. Moreover, they
performed their experiments for a wide range of mass fluxes 350 < G < 2000 [kg/m?.s], and
observed that the higher the mass flux is the narrower vapor quality range is for the bubble
coalescence regime. Furthermore, at very high mass flux, the bubbly flow regime is hardly

observed.

Recently, Tibirica and Ribatski [109] investigated bubble characteristics of flow boiling
of R134a, and R245fa n a 0.4 mm mner diameter micro-tube for a range of mass flux of
100 < G <900 [kg/m?%s], and at a uniform heat flux up to q,, < 226 [kW /m?.s]. They
performed flow visualization with a high speed optical technique (reaches to 10° fps) at diabatic
conditions. They investigated the bubble departure diameter, bubble frequency, and liquid film
characteristics. Furthermore, they assessed the available correlations of bubble departure

148



diameter and proposed new correlations for predicting bubble departure diameter and bubble
frequency for flow boiling in horizontal small tubes. They assumed that mertial and drag forces
dominate bubble departure mechanism, and therefore, bubble departure diameter is mainly
mnfluenced by the Reynolds number. It is somewhat surprising that the buoyancy effect is still
observed for such a small tube size as well as the liquid entranments in the vapour core, which
have been related to the mterface mstability. Furthermore, contrary to the expectations, the
authors pomnted out that nucleation sites have been presented in all flow patterns including the

annular flow regime for the test in the 0.4 mm mner diameter micro-tubes.

A study of the transient effects of bubbles in the slug regime in micro-channels has been
recently carried out by Houshmand and Peles [238] based on the transient wall temperature
measurement, and flow visualization. The micro-scale resistance temperature detectors technique
(RTDs) was introduced as an effective method for measuring the transient wall temperature. The
slug flow pattern was created by mixing the distilled water with an air njected with an average
frequency of f, = 277 bubbles/sec. Three different zones were identified in the slug flow
regimes, which are elongated bubble zone, the bubble wake zone, and the single phase liquid
slug zone. It has been pointed out that the wall temperature increased in the elongated bubble
zone due to the small thickness of the liquid film, while decreased in bubble wake zone due to

the influence mixing caused by the small bubbles folowed the wake of the elongated bubble.

To study slug behaviour and bubble characteristics of adiabatic flow, Yan et al. [239],
performed flow visualization experiments on air/water flowing in a narrow rectangular duct,
D, = 6.0 mm, considering the influence of inclination angle, gas, and liquid superficial
velocities on the slug characteristics (slug velocity, length, and frequency). Based on the liquid
Reynolds number, the authors defined two major regions of the flow, lamnar flow region, which
is defined as, Re; < 3000, and turbulent flow region, which is defined as, Re; = 3000. It has
been revealed that the effect of the inclination angle on slug length and velocity was pronounced
in the lammar flow region, while it did not show a remarked effect in the turbulent flow region.
In other words, as the inclination angle decreases for lammar flow region, the slug length and
velocity increase. On the other hand, it has been revealed that increasing the gas superficial
velocity leads to increasing the shlig length and decreasing the slug frequency. Since, these

results have been obtained for adiabatic conditions, and the slug flow is created by mixing the air
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with the injected water, it still does not show the influence of bubble nucleation, and applied heat
flux on the bubble frequency and slug characteristics.

Overall the previous studies indicate that most of the methods available for modeling slug
flow i micro channels have been developed basically for adiabatic conditions, and do not
consider the contribution of the applied heat flux in the model basic equations. Thus, more
analytical efforts for studying flow boiling slug flow in micro-channels are required. The aim of
this work is to develop an analytical model for predicting the main slug flow parameters in the
isolated bubble zone (ie., from the onset of bubble confinement to the onset of bubble
coalescence) for flow boiling in horizontal micro-channels. Therefore, a complete slug flow unit
has been considered to be a control volume for deriving the three basic equations of motion for
each phase, taking mto account the principle of drift flux model and the influence of surface

tension for more realistic slug flow conditions in micro-channels.
5.3. Analysis of the Two Phase Slug Flow Model

Slig flow is promised to be one of the man dominant flow patterns for flow boiling in
micro-channels as it has been verified in many previous studies. It is characterized by its
complex physical and periodic phenomenon. An ideal slug flow pattern of flow boiling in
horizontal mmi/micro-channels is represented by three main zones, which are the confined
bubble, the liquid film thickness § trapped between the confined bubble and the channel wall,
and the liquid slug zone. In order to understand and simplify the analysis of this physical
phenomenon, the present model consists of two main stages. Firstly, derive the equations of
motion (mass, momentum, and energy equations) for a fully developed slug flow unit in order to
predict the slug unit length, the liquid film velocity and the liquid slug velocity. Secondly, the
mass balance of the whole mixture of the slug flow unit is derived to predict the variation of the

liquid slug length, bubble length, and void fraction as a function of time.

5.3.1. Basic Assumptions

A set of assumptions has been considered here for simplifying the complexity of
modelling slug flow. These assumptions are listed below,
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1. All the thermo-physical properties are assumed to be constant at a certain saturation
temperature.

2. The slug flow unit is fully developed and the two phases are in thermodynamic equilibrium.

3. The onset of slug flow is determined by the onset of bubble confinement in flow boiling
micro-channels (i.e., when the bubble length is equal to channel diameter).

4. The applied heat flux is uniformly distributed circumferentially and axially along the channel
length.

5. At the onset of bubble confinement, the volume change rate of the confined bubble is equal
to the volume change rate of a spherical bubble growing n an infinite liquid on a uniformly
heated surface.

6. The pressure in the elongated bubble is constant and the pressure drop through the slug unit
is equal to the pressure difference between the pressure inside the bubble and the pressure of
the liquid slug.

7. The dominant heat transfer mechanism in the elongated bubble zone is the convective liquid
film evaporation, and the two-phase heat transfer is estimated based on the liquid film
thickness for this zone, while in the liquid slug zone, the heat transfer coefficient is evaluated

using an appropriate liquid single phase correlation.

5.3.2. Derivation of the Equations of Motion

Figure 5-1 shows an ideal fully developed slug flow unit with a length of L,, which
consists of a vapor bubble with a length of L, and moves with a velocity u,, the liquid film with
a thickness § and moves with a velocity u;, and the liquid slug that moves with a velocity u; and
length od L. Choosing the control volume which considers the major physical parameters is
very crucial for developing more realistic slug flow model, thus, a fully developed and complete
slug unit has been chosen to represent the control volume required for deriving the equations of
motion of the slug flow. Additionally, all the equations of motion will be derived relative to the
translational velocity u, of the slug unit. As it is assumed at a certain time, the features of the
slug flow are regular and uniform along the micro-channel within the slig flow boundaries.

Consequently, one can derive the governing equations for a fully developed slug flow as follows.
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Liquid slug

Liquid film

Figure 5-1: Sketch of fully developed slug flow unit for flow boiling in a horizontal micro-
channel.

5.3.2.1. Mass Conservation Equations

The mass balance has been applied for each phase, liquid phase, which is represented by
the liquid film and liquid slug zones, and vapor core phase, which is represented by an elongated
bubble zone. The control volume has been chosen to contain an ideal and a complete slug flow
unit as shown in Figure 5-1. Considering a one dimensional fully developed slug flow as
depicted n Figure 5-2, the mass conservation equation for the liquid phase can be written as

follow,
pf(us - ut) - pfO(f(uf— ut) = _FLu (51)

Where ug is the phasic liquid slug velocity, and u; is the phasic liquid film velocity, u, is the
translational velocity of the slug unit, L, is the slug unit length, p¢ the liquid phase density, I' is
the evaporation volumetric flow rate occurs at the liquid-vapor interface due to the phase change,
and of is the void fraction of the liquid phase. The mass conservation of the vapor phase is

expressed as follows:
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—pgag(up, —uy) =TL, (5.2)

Where a, is the void fraction of the vapor phase, u;, is the bubble velocity. Adding Eq. (5.1) to

Eq. (5.2), the mass conservation equation for the whole mixture of the slug flow unit is written as

follows:

pe(ug— uy) — peag(ue— uy) — pgog (u, —u) = 0 (5.3)

Figure 5-2: A sketch of a control volume of a slug flow unit for deriving mass balance equation.

5.3.2.2. Momentum Conservation Equations

Figure 5-3 shows the momentum terms and forces acting on the liquid phase. Considering
the evaporation volumetric flow rate as defimed in Eq. (5.2), the momentum conservation

equation of the liquid phase for the slug unit can be derived as follows:
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Pr(us—u)® = proy(up —ug® +p oty (uy, — v,
P,L, F,  PlL, Fy (4

4 A4 Y4 T

=P — P2 — Ty

Where u; here is the liquid velocity at the mterface, p, is the pressure applied at the left-hand
side of the considered slug unit, p, is the pressure applied at the right-hand side of the slug unit,
T,, Is the wall shear stress, T; is the shear stress at the mterface, P,, is the micro-tube perimeter, P,
is the perimeter at the mterface, F, is the force acting on the liquid phase at the wall due to the

surface tension, F is the surface tension force acting from the other phase at the mterface, and

Ly is the bubble length.
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Figure 5-3: A sketch of control volume of a slug flow unit for deriving Momentum conservation e quation.

Turning to the vapor phase, the main momentum terms and considered forces acting on
the vapor phase are shown on the slug unit as depicted in Figure 5-3. The momentum
conservation of the vapor phase for a steady-state and fully developed slug flow unit is written as

follows:
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P,L, F,
—Pg0y (up —up)? — PgQy (u, —uduy; = P + 7 lT + f (5.3)

By combining Egs. (5.4), and (5.5), taking into account that, (ag + o = 1), the mterfacial terms

are termmated, and one can get the momentum conservation equation of the whole mixture of the
slug unit as follows:

PW Lu FSW (5 '6)

A A

pe(uy — u)? — peo(ue— up)? — pgag(ub —u)?=—(p; —p1) — Ty

5.3.2.3. Energy Conservation Equations

Energy conservation equations for the slug unit are derived for liquid and vapor phases
based on the sketch shown in Figure 5-4. Consequently, the energy conservation equation of the

liquid phase is expressed as follows:

pe(us— uhe_gye — pra(ue— udhy i, + pgog(up — uhy

o Pw]-‘u Pi]-‘b Fsi (57)
= qQw A - T A ui_Kui

Where h¢_,, 1s the specific enthalpy of the liquid phase at the right-hand side of the slug
flow unit, he_;, is the specific enthalpy of the liquid phase at the lefi-hand side of the slug flow
unit, hg is the specific enthalpy of the liquid phase at the interface, and q,, is the heat flux
applied at the micro-tube wall. The energy conservation equation of the vapor phase is written as
follows:

PL, F

—pgag(uy — udh, — p o, (uy, —uphy, =t A

Where h, and hg; are the specific enthalpies of the vapor phase at the lefi-hand side of the slug

flow unit and at the interface, respectively. Adding Eq. (5.7), to Eq. (5.8), and assuming equal
enthalpies of the two phases at the imterface, (ie. hg = hg;), the conservation energy equation of
the mixture can be written as follows:
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. P,L
pe(ug —uhy gy — peoe(ue— updhy y, — pgag(ub - ut)hg = qQw % (5.9)
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Figure 5-4: Shows the energy terms and works applied on the slug unit.

From the mass balance equation of the whole mixture Eq. (5.3), the relative liquid film velocity

can be represented as follows:

Pglg

PeQs

1
(ug—uy) = O(_f (ug—uy) — (up, —uy) (5.10)

Substitute by relative liquid film velocity Eq. (5.10) in the energy equation of the whole mixture,
Eq. (5.9), we get the relative liquid slug velocity as follow:
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(ug—uy) = <z—’j) ocg(ub —u,) + plf (%) (%) (5.11)

Now substitute by relative velocities of the liquid film and liquid slig, Eq. (5.10), and Eq. (5.11),

respectively in the momentum equation of the whole mixture, Eq. (5.6), we obtain:

Pg 2 Pg 44\ (Ly
P, (—a —1>(u —-u,) —2(—)0( (— <—)(u —u)
8 8\p; 8 b ‘ ps/ B hfg D b ‘
" 2
— (i) %g ‘kﬂ (b)z =—Ap—1 PwLu+Fﬂ

Now at this stage, we have seven parameters are still needed to be evaluated, vapor void fraction

(5.12)

g, pressure drop Ap, surface tension force F,, wall shear stress t,, bubble velocity uy,

transitional velocity u,, and the length of the slug unit L,, which are explamed and discussed in

the following section.
5.3.3. Constitutive Relationships of the Model

There have been a few studies which modelled two-phase pressure drop for a segment of
slug flow unit in terms of the slug flow characteristic lengths for two-phase flow i small and
capillary tubes, (e.g Bretherton [63], Fukanu et al. [240], Garimella et al. [79], Abiev [241]).
Bretherton [63] gave a correlation for the estimation of the pressure drop through a single
elongated bubble flowing in a capillary tube. Fukanu et al [240] investigated experimentally,
and analytically pressure drop of water-air flow in capillary tubes, and revealed that the
expansion loss is dominant, and controls the pressure drop. Furthermore, it has been shown that
the expansion loss increases by increasing the vapour velocity. In other words, as the bubble
velocity increases due to the expansion, there is a liquid mass transfer, flowing from the liquid
film into the liquid slug, and the bubble length increases while the liquid slug length decreases.
Garemilla et al. [79] investigated the pressure drop for intermittent flow for flowing of R134a in
small tubes, but for a condensation conditions. The pressure drop term in the present work will
be evaluated based on Young-Laplace relation considering the mfluence of surface tension and

fluid properties on pressure drop. In other words, it is reasonable to assume that for a fully
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developed slug flow unit, the pressure drop through the slig flow unit equals to the pressure
difference between the pressure inside the elongated bubble and the pressure n the liquid slug
which can be defined using Young and Laplace relation as follow:

1 1
—pr=o—+— 5.13
Pg ~ Pr °(R1 " Rz) ©-13)

Where pg, is the pressure inside the elongated bubble, p¢ is the pressure in the liquid, R; and R,

are the radii of the ends of the elongated bubble. We assume that the elongated bubble has a
uniform and similar radi at the end, (ie.,R; = R, =R;), Ryis denoted for bubble radius.

Furthermore, considering the definition of cross sectional vapor void fraction as, (ag = R%/R?),

the Eq. (5.13) is rewritten as follow,
Ap = ——— (5.14)

It is known that the surface tension is dommant for flow boiling in micro-channels.
Therefore, it is of importance to consider it here. Surface tension force is represented in terms of
surface tension o, contact line length L., and contact angle . For maximum value of surface
tension force, the contact angle is assumed to be 180° and the length of the contact line is the
micro-tube perimeter TD. Consequently, the effects of surface tension force on a fully developed

slug flow unit can be represented as follows,
F,, = (nD)o (5.15)

Taking into account the pressure drop as represented by Eq. (5.14), and surface tension force as

defined by Eq. (5.15), the momentum equation Eq. (5.12) , can be recast as follows,

pylty (%iag — 1) (, —u)?+ (‘;g)a @‘1:)( ) (u, — )
) () () () -y ()- 430
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Now the wall shear stress T,,, in the left side of Eq. (5.16), is estimated in terms of liquid film
velocity and the working fluid density as given by,

1
Tw =3 pefruf (5.17)

For wide range of flow conditions which cover laminar transitional, and turbulent flow
conditions, different correlations discussed n Li and Wu [74] for predicting friction factor have
been employed including the correlation of Churchill [223] which takes into account the effect of

the surface roughness. The frictional correlation are expressed as follows,

f for Ref < 1600
fo = {fz for Re > 3,000 (5.18)
fy for 1600 < Re; < 3,000
Where
f, = 16/Re; (5.19)
g\ 12 1 1/12
o= [ e
2 I Re + (a +b)3/zl
(5.20)
- [2as71 ! =
AT E TN TR +027(e/D)] T U T [ Rey
Re — 1600
fy = £,(1600) + —-o— [f,(3000) — f,(1600)] (5.21)

Where Re; is the based-liquid film Reynolds number which is calculated in the present model
using the predicted values of average liquid film thickness 8, and average liquid film velocity U;

at every heat and mass fluxes applied as follows,

;D
Re, = L h (5.22)

23

The bubble velocity for slug flow in horizontal micro-channels has been correlated in some
previous studies based on the drift-flux model, (e.g., Bretherton [63], Mishima and Hibiki [173],
and Chen et al. [242]) and represented as follows:
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u, = C,j (5.23)

Where C, is the distribution parameter for the bubbly and slug flow, which was correlated by

Ishii [243] for horizontal slug flow in terms of vapor-to-liquid density ratio as follows,

C,=12-0.2 /(pg/pf) (5.24)

And j is the superficial velocity which is defined as,

' G(l_x+x> (5.25)
j= — -
pf pg

To close the model for this stage, two closure relationships for cross sectional void fraction and
translational velocity are needed. The translational velocity of the slug unit, u,, is assumed to be

equal to the two-phase superficial velocity (Le., u, = j).

The vapor quality in Eq. (5.25), is calculated based on the energy balance equation as,
X=4—— (5.26)

Thus the vapor cross sectional void fraction can be expressed as,

ox (5.27)
o, = .
& Uy pg

Finding a criterion for defining the bubble confinement is very crucial In flow boiling
micro-channel, the onset of slug flow is characterized by bubble confinement. Thus, the
minimum bubble length considered in this model will be the inner diameter of the micro-
channel, (ie., L, = D). Now, the length of the fully developed slug unit, L, can be calculated by
solving Eq. (5.16). Regards to the liquid slig length, there have been some previous studies that
mvestigated the relation between the bubble length and slug unit length or channel diameter or
void fraction (e.g, Barnea and Brauner [244], Fukano et al. [240], Taitel et al. [245], and Abiev
[241]). Overall, the liquid slug length is calculated in terms of bubble length, L, , and liquid slug
length, L,, , as
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L,=L,—L, (5.28)

5.3.4. Evaluation the Variation of Bubble/Liquid Slug
Lengths

At this stage of the present work, we consider the variation of the characteristics length of
the slug unit in terms of time. Recalling the mass balance equation of the whole mixture of the

slug unit one can write,

d
@t (prs + proteLy, + pgag]"b) = —pelug —uy) + prop(ue—uy) + pgag(u, — uy) (5.29)

Expanding the first derivation of the term on the left hand side, and taking into account that

(g = ), and (o = 1 — a), the variation of the liquid slug length can be expressed as follows,

%: (E—i)oc(ub —u) + (1 —a)(ug—u) — (ug—uy) — [(Z_i_ 1>a+ 1]%
)l

The bubble in the slug unit elongates mamly in the flow direction, and the variation of bubble

(5.30)

diameter in terms of time (dD,/dt) comparing to bubble length variation (dL,/dt) is very
small. If we denote to the a volume of a confined elongated bubble as V,, and the volume of
spherical bubble grows in an infinite domam as Vg, then it would be reasonable to assume that
the rate of change of the elongated bubble volume (dV,/dt) in the slug unit is equal to that of a
spherical bubble (dV,/dt) growing on a surface and controlled by both thermal diffusion and
mertial effects. Therefore, the relation developed by Mikic et al. [235] for predicting the rate of
spherical bubble growth in a uniformly superheated liquid has been adopted here and modified to
predict the variation of the elongated bubble length. The relation is given by

dR
dt

s _ AC[(t+ +1)a/2 (t+)(1/2)] (5.31)
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Where R, is the radius of a spherical bubble grows in a uniformly superheated liquid, t* is a

dimensionless time parameter which is defined as

2
= (i) t (5.32)
BC
And A, and B_ are defined as
(1/2)
prsat
12 (1/2)
B =|-= ]asz] (5.34)
s

Where b =(2/3) for a growing bubble in an infinite medium, and b = (1t/7) for a growing
bubble on a surface, D; is the liquid thermal diffusivity, and Ja is Jakob dimensionless number
which is defined as,

C. AT
a= lprl (5.35)

pghfg

Now considering the above assumption, the rate of elongated bubble length can be expressed as

follow,

dL R.\?dR
d_tb=4A° (R_Z> it (-36)

At the onset of bubble confinement (at time t, = Dy /u, ), we assume the radii of the spherical
bubble growing n an mfinite medium and the bubble confined in the slug flow regime are the
same. Thus the above equation can be simplified as,

dL,

o= an, (%) [(tF + 1DW/2 — (1) /2] (5.37)
b
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This equation can be applicable for the period of time (t, <t <t.), where t, is the time where
bubble confinement is observed, and t. is the time where the bubble coalescence begins.
Additionally, the term (da/dt) in Eq. (5.30) may be simplified. Considering the energy balance
principle only for the liquid film zone, and assuming that the heat transfers by conduction
through the wall of the micro-tube leads to vaporize the liquid fim, (as reported n some
previous studies, either for the liquid film, Hetsroni et al. [246], or the micro-layer beneath a
bubble grows on a surface, Cooper [234], one can write the variation of liquid film for

evaporation conditions as follows.

s q,
dt pfhfg

(5.38)

Taking into account the relation between the liquid film and the area void fraction of the vapor

phase, (a« = (D — 268)%/D?), the variation of vapor void fraction can be expressed by,

d 4q,
W_ Mw_ a2 (5.39)
dt  p¢hgD

By this relation, Eq. (5.38), the variation of liquid slug length can be calculated as represented in
Eq. (5.30). Since we assumed that at the onset of bubble confinement, R, = R, the time where
the bubble confinement occurs ,t

stos

can be calculated based on the relation of bubble growth
developed by Mikic et al. [235] which can be recast as follows,
(3/2) (3/2)
4B2|(/B.\? B.\?
D=_=2¢ <_C) t 41 _ <_C) ¢ —1 5.40
3 A, ( A ot A © (.40)

C C

5.4. Calculation Procedure

The model analysis preceded above is implemented for calculating the main shlig flow

parameters as follows:

163



. Define the channel geometrical parameters, the hydraulic diameter, D,, the heated length, L,,
and the material that the tube is made of, the relative roughness of the tube mner surface,
(e/D).

. Define the main operating conditions, such as the inlet saturation temperature, T

sat» or

pressure, P.,,, the applied heat flux, q",'v, the mass flux, G, and the super-heated temperature,
AT,;.
. All the required properties of the tested working fluid are detrimed at the given let
saturation temperature, T,,,, or pressure, P ,, as tabulated i [247] .

. The transition lines are estimated using an appropriate flow pattern map. In this work, the
flow pattern map developed by Revellin and Thome [75] for R134a has been employed.

. The initial values of vapor qualty, x,, bubble velocity,u,,, translational velocity, u,,,
vapour void fraction, «,, and the time of bubble confinement, t,, are evaluated by
Egs.(5.26), (5.23), (5.25), (5.27), and (5.40) respectively, considering that the initial bubble
length can be set as (L,, = D).

Slug unite length (L,), liqud slig length (L), liquid slug velocity (ug), and lLquid fim
velocity (u¢) are calculated by Egs. (5.16), (5.28), (5.11), and (5.10) respectively.

. The bubble frequency for the slug flow, in isolated bubble zone, is defined as the ratio
between the bubble velocity and the slug unit length (f, = u,/L,).

. Calculate the variation of void fraction (Ac), bubble length (ALy), and liquid slug length
(ALy), n a time step of (At) using Egs. (5.39), (5.36), and (5.30) respectively.

. Update the values of the parameters (L,,L,x, @), and repeat the steps (5 to 7).

5.5. Results and Discussion

The main characteristic parameters of the slug flow unit, (liquid slug velocity, bubble

length, liquid slug length, slug unit length, and bubble frequency), have been calculated by the

present model for flow boiling of two different working fluids, (R134a, R245fa), and two sizes

of circular channels (0.509 mm, and 3.0 mm inner diameter), respectively. Calculations were

performed for wide range of mass fluxes (300 < G < 1000 kg/m?.s), which are similar to the
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test conditions of the experiments performed by Revellin et al. [91], and Charnay et al. [108] as

listed n Table (5.1). The results obtained are presented and discussed as following:

Table (5-1): Experimental conditions of the data used for model validation

Working Tube ID, L G, Tsat,
Author(s) , AT, [°C]
fluid [mm] [mm] [kg/m".s] [°C]
Revellin et al. [91] R134a 0.5 70.7 350-1000 30 3.0
Charnay et al. [108] R245fa 3.0 185.0 300-700 60 -

Figure 5-5 shows the bubble frequency measured by Revellin et al. [91], and the one

predicted by the present model plotted versus the vapor quality for flow boiling of the working

fluid, R134a, at a mass flux of;(G = 350 kg/m?.s), in a 0.509 mm inner diameter micro-tub. A

clear increase of bubble frequency by increasing the vapor quality can be observed until a certain

vapor quality, (x = 0.038), for the experimental data, and x = 0.04 by frequency predicted by

the present model, where the liquid slug length vanishes, and the first stage of bubble

coalescence begins. Furthermore, close to the transition line from bubbly to bubbly/slug flow

(x = 0.018), it can be seen that the model over-predicted the experimental data and this can be

attributed to bubble size since the bubble confinement has not occurred yet. On the other hand,

the model gives a good agreement with the experimental data which fall in the isolated bubble

zone at this mass flux condition (0.02 < x < 0.04).
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Figure 5-5: Bubble fre quency predicted by the present model, and the one measured by Revellin et
al. [91] versus vapor quality for R134a in 0.509 mm inner diameter micro-tube with a mass
flux, 350 kg/m?.s, at Ty, = 30 °C, and ATy, = 3.0.

Taking into account the influence of mass flux on the bubble frequency in the isolated
bubble zone, Figure 5-6 Provides the results obtained by the present model for flow boiling of
R134a in a 0.509 mm inner diameter micro-tube at a mass flux of500 kg/m?.s, that
corresponds to a liquid Reynolds number ,Re; = 1,400, and compared with those experimental
data measured by Revellin et al. [91] at the same operating conditions. It is apparent from the
figure that the model predicted, the trend of bubble frequency variation versus vapor quality, and
gave a good agreement with the experimental data at low vapor quality, x=0.02. A possible
explanation for this is that at this vapor quality and mass flux, the onset of bubble confinement
would be expected, and therefore the assumption of that bubble length is equal to mnner diameter
is verified and works well at this condition. However, as the vapor quality increases, an under
estimation of the data can be observed, and this can be attributed to several factors might be
related to the uniformity of the flow pattern, the applicabilty of the correlation used for
evaluating the wall friction factor, the flow instability which is expected to be experienced in this
regime, and the influence of the flow pattern transition phenomenon, which may occur here for

the vapor quality interval, as expressed by the small dashed-line in the figure. Additionally, as
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the vapor quality increases, the bubble frequency is expected to increase, while the liquid slug
length decreases, until it vanishes as shown in the Figure 5-6 as indicated by the dash-dot line
at x = 0.0382, which represents the bubble frequency peak at this condition.
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Figure 5-6: Bubble fre quency predicted by the present model, and the one measured by Revellin et
al. [91] versus vapor quality for R134a in 0.509 mm inner diameter micro-tube, 500 kg/m?.s, at
Tga: = 30°C, and AT, = 3.0.

Figure 5-7 presents the bubble frequency data of flow boiling of R134a measured by
Revellin at al. [91] at higher mass flux, 700 kg/m?.s, which corresponds to a liquid Reynolds
number, Re; = 1,950 compared with that predicted by the present model. Again, a steep increase
in bubble frequency versus vapor quality can be observed from the figure. Interestingly, a better
agreement can be seen with the measured data which fall in the range of vapor quality,0.019 <
x < 0.03 than those where x < 0.018. This result may be explained by the fact that the bubble
nucleation sites are not distributed uniformly on the inner surface which leads the nucleated
bubbles to departure and grow with various bubble characteristics. Another explanation is that at
the vapor quality range 0.019 < x < 0.03, the elongated, isolated bubbles are expected to be

more uniform and organized than at lower vapor quality at this mass flux.
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Figure 5-7: Bubble fre quency predicted by the present model, and the one measured by Revellin et
al. [91] versus vapor quality for R134ain 0.509 mm inner diameter micro-tube, 700 [kg/mz. s], at
Tsqe =30°C, and AT, = 3.0.

Figure 5-8 presents the bubble frequency predicted by the present model versus the vapor
quality, compared with those measured by Revellin et al. [91], for flow boiling of R134a in a
0.509 mm inner diameter horizontal micro-tube with a higher mass flux, 1000 kg/m?.s, that
corresponds to Reynolds number, Re; = 2,800. According to the flow pattern map developed by
Revelin and Thome [75] for flow boiling of R134a, the long-dashed line represents the
transition line from the bubbly to bubbly-slug flow regime, the small-dashed line represents the
transition line from bubbly-slug flow to slug flow regime. From the Figure 5-8, it can be
observed that the present model, over-predicted the bubble frequency data in the isolated bubble
zone. However, the model predicted well the bubble frequency trend, where the number of
bubbles increases by increasing the vapor quality, until the bubble frequency peak is reached,
where the liquid slug length is expected to vanished at this peak, which is predicted by the
present model L, =0 at x = 0.0201,(represented by the dash-dot line). The observed over-
prediction of the bubble frequency data may be influenced by the flow instability which can
occur at the liquid vapor interface. Furthermore, the range of vapour quality for mass flux,

1000 kg/m?.s, where the bubble frequency intends to increase,0.012 < x < 0.02, is narrower
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than that obtained at mass flux , 350 kg/m?.s, 0.019 < x < 0.04, in Figure 5-5. In other words,

the higher mass flux is the narrower isolated bubble zone is observed.
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Figure 5-8: Bubble fre que ncy predicted by the present model, and the one measured by Revellin et
al. [91] versus vapor quality for R134a in 0.509 mm inner diameter micro-tube, 1000 [kg/mz.s],
at Tgqe = 30°C, and AT, = 3.0.

Taking mto account the effect of working fluid, operating conditions, and the channel
size, the present model has been implemented to predict the bubble frequency for flow boiling of
R245fa in 3.0 mm inner diameter mini-tube at inlet saturation temperature of 60 °C, and
compared with bubble frequency data of Charnay et al. [108] for mass fluxes 300, 500, and 700
kg/m?.s, which corresponded to liquid Reynolds numbers of 3,390 ; 5,650; and 7,900
respectively, as depicted n Figure 5-9. From this figure, we can see that, in the isolated bubble
zone, the bubble frequency increases by increasing the vapor quality and mass flux. Furthermore,
a significant effect of the mass flux on bubble frequency and flow pattern transition line (from
isolated to bubble coalescence zone) can be observed. In other words, as the mass flux increases,
the bubble frequency increases, and the bubble peak frequency increases. Additionally, bubble
coalescence phenomenon is observed earlier at higher mass flux, where the liquid slug vanishes
faster. It is of interest to note that the model well predicted the trend of bubble frequency versus
the vapor quality for all tested mass fluxes. Besides, the bubble frequency peaks have been
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quantitatively well predicted (where the liquid slug length is vanished). Under certain
circumstances, the present model gave a slight shift for the bubble frequency peaks compared to
the experimental data. Furthermore, with respect to the mass flux, 500 kg/m?.s, and liquid-
Reynolds number, 5,650, a significant underprediction can be observed for the bubble frequency
data pomts falling between the minimum bubble frequency and the peak. One explanation for
this is that at theses working conditions and channel size, which correspond to a confinement
number, C.,,r = 0.3, the gravity force significantly nfluenced the bubble characteristics and

consequently, the obtamned results.

Altogether, the experimental bubble frequency data predicted by the present model have
been compared with those measured by Revellin et al. [91] for R134a, and Charnay et al. [108]
for R245fa, in the isolated bubble zone, at the corresponding operating conditions for each set of
data, and plotted in Figure 5-10. A good agreement is obtained with a mean absolute error of
29.55 %.
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Figure 5-9: Bubble frequency versus vapor quality for flow boiling of R245fa in 3.0 mm inner
diame ter mini-tube at various mass fluxes.
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Figure 5-10 A comparison between bubble fre quency data measured by Revellin et al. [91], and
Charney et al. [108], and those predicted by the present model for a range of mass fluxes of 300 to
1000 [kg/m?.s].

Turning to the results of bubble lengths, Figure 5-11 shows the bubble length data
measured by Revellin et al. [91] for flow boiling of R134a, and those predicted by the present
model in the isolated bubble zone (beginning from the bubble confinement where it is assumed
that the bubble length equals the channel diameter until the first stage of bubble coalescence). It
has been noted that the bubble length increases with vapor quality. Additionally, the higher mass
flux is the longer is the bubble length. The bubble length trend predicted by the present model
matches those measured by Revellin et al. [91]. It can be seen that as the vapor quality increases,
the model over-predicts the bubble length data in the isolated bubble zone. A possible
explanation for this is that the effects of the thermal expansions and liquid film evaporation
dominate the bubble elongation mechanism as the vapor quality increases. Furthermore, the
superheat temperature has a significant effect on the rate of the liquid film evaporation which is
measured to be 3 in the data of Revellin et al. [91] for all mass fluxes. In general, the present
model predicted the bubble length data measured by Revelln et al. [91] for R134a in the isolated
bubble zone and a good agreement is obtained with a mean absolute error of MAE=27.83 %, as
can be seen mn Figure 5-12.
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Figure 5-11: Bubble length versus vapor quality for flow boiling of R134a in a 0.509 mm inner
diame ter micro-tube.
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The slug unit length, L,, the bubble length, L,, and the liquid slug length, L., have been
predicted by the present model at each vapor quality corresponds to the isolated bubble zone in
the slug flow regime. A sample of the predicted lengths plotted versus the vapor quality is
depicted in Figure 5-13 for flow boiling of R134a n a 0.509 mm mner diameter with mass
flux, 500 [kg/m?.s], at an inlet saturation temperature, which matches a liquid Reynolds
number, Re; = 1,400, and a confinement number, C.,,r = 1.6. Furthermore, the figure shows
the isolated bubble zone blundered by two vertical lines, the dotted line on the left side of the
graph which represents the transition line from bubbly to bubbly-slug flow that corresponds to a
vapor quality x = 0.019, and the dash-dot-dot line which represents the onset of bubble
coalescence, where the liquid slug length vanishes, and corresponds to a vapor quality, x =
0.039. The mmnimum bubble length as assumed to be as same as the channel inner diameter at
the onset of bubble confinement, as represented by the horizontal dash-dot line. Additionally it
can be noticed that, in the isolated bubble zone, the slug unit length and liquid slug length
decrease by increasing the vapor quality, while the bubble length increases. Moreover, a steep
decrease in liquid slug length and a steady increase in bubble length versus vapor quality can be
observed. A possible explanation for this is that both the thermodynamic and hydrodynamic
effects influence the bubble and liquid slug zones due to the liquid film evaporation that causes
the elongation of the bubble, and the mertial forces that affect the bubble nucleation and liquid
slugs in this zone.
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Figure 5-13: Variation of bubble length, liquid slug length, and slug unit length versus vapor
quality for flow boiling of R134a in a 0.509 mm inner diameter micro-tube with a mass flux 500
[kg / (m?.s)] at an inlet saturation temperature T,,=30 °C.

5.6. Conclusions

The present study was designed to develop a semi-analytical model for predicting the
main characteristics of slug flow for flow boiling n a single horizontal micro-channel for the
isolated bubble zone at a uniform heat flux condition. The model was developed based on the
mass, momentum, and energy equations of a fully developed slug unit, taking into account the
influences of inertia, surface tension, and liquid film evaporation on the bubble behaviour. The
pressure drop through the slug unit was evaluated based on the Young and Laplace relation,
considering the effects of vapor void fraction. The main parameters, liquid shig velocity, liquid
film velocity, liquid slug length, bubble length, slug unit length have been predicted, while
bubble velocity was estimated based on the superficial flow velocity. Consequently, the bubble
frequency has been predicted. This study has shown that the bubble frequency, increases by
increasing vapor quality and mass flux. Furthermore, it has been noticed that the higher mass
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flux is, the higher peak of the bubble frequency is predicted, the earlier bubble coalescence is
observed, and the quicker liquid slug length decreases. One of the most interesting finding in the
present study is that it is possible to predict the onset of bubble coalescence by predicting the
liquid slug length. The bubble lengths and bubble frequency predicted by the present model have
been compared against those measured by Revellin et al. [91] for flow boiling of R13a n 0.509
mm inner micro-tube for a wide range of mass fluxes (350 < G < 1000 kg/m?.s),
corresponded to a range of liquid-Reynolds number,970 < Re; < 3,400, and confinement
number, C., ¢ = 1.6, and with those measured by Charnay et al. [108] for flow boiling of R245fa
in a 3.0 mm inner diameter small tube with mass flxes (300 < G <700 kg/m?.s),
corresponded to a range of liquid-Reynolds number,3,390 < Re; < 7,900, and confinement
number, C.,,¢ = 0.3 in for the isolated bubble regime. A good agreement with the data of bubble
lengths has been obtained with MAE of 27.83% and with the bubble frequency data with a MAE
of 29.55 %, respectively. Neglecting the influence of the gravity and applying the model for
conventional size channels results n decreasing the accuracy of the present model since the
gravity force has a significant effect in conventional size channels. It is of importance to note
that the major limitation of the present model is its applicability to the isolated bubble zone.
However, for the future work, by considering the variation of bubble length during the bubble
coalescence, the present model may be extended to be applicable for bubble coalescence regime.
This study has showed that a shortage and lack of mvestigating bubble characteristics in the
isolated bubble zone for flow boiling in min/micro-channels still exists, and therefore, more
experimental and theoretical investigations for the shlig flow,(isolated bubble zone) is needed for
clarifying and better understanding bubble dynamics in this zone. Additionally, since, the surface
roughness influences bubble nucleation sites, it would be helpful to conduct further analytical

work considering, the surface roughness effects on bubble characteristics in slug flow regime.
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Chapter 6

6. Conclusions and Future Work

6.1. Conclusions

Two-phase flow boiling mini/micro-channels have several engneering applications. A
detailed literature review for flow boiling in mmni/micro-channels has been presented. It has been
reported that the basic flow patterns for flow boilng in horizontal micro-channels are bubbly
flow, slig flow, and annular flow regimes. The physical phenomena of flow boiling in
mini/micro-channels, including the variation of liquid film thickness, partial dry-out of the liquid
film either in slug flow or annular flow regimes, and ther influence on the flow boiling heat
transfer coefficient and pressure are still unclear and not fully understood. Moreover, a shortage
in reliable and satisfactory predictive methods for predicting the main design parameters of the
two-phase mini/micro-channel including two-phase heat transfer coefficient, two-phase pressure
drop, critical heat flux, and void fraction still exist. The following conclusions can be drawn

from the work done in this thesis:

. A new semi-analytical model for predicting CHF, h,,, Ap,,, a was developed based on the

mechanism of liquid film evaporation, and separated flow model in annular flow regime.
Moreover, a semi-analytical model to determine slug characteristics in the isolated bubble zone

was developed based on Drift-Flux Model.

. The CHF data of both aqueous and non-aqueous working fluids were successfully predicted by
the present model better than the tested CHF correlations with hydraulic diameter ranges of
(0.38 < D}, < 3.04 mm) and heated-length to diameter ratios of 117.7 < L;/D < 470.
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. The tested data were collected from the literature for flow boiling in slug and annular flow
regimes in single horizontal mini/micro-channels. Three recent developed flow pattern maps
developed by Revellin and Thome [75] , Cheng et al. [103], and Charnay et al. [108], have been
used, respectively, to define the boundaries of the slug and annular flow regimes for R134a,
CO2, and R-245fa.

. The scope of the model is limited to slug and annular flow regimes in single mini/micro-channel.
Therefore, it was validated against = 1,250 data points from literature for different working
fluids (water, LN2, FC-72, R134a, R1234ze, R236fa, R113 R410a, and CO2), and is applicable

< 48,000, and confinement number

for range of equivalent Reynolds number 2,000 < Re,, <

0.3 < Co<34.

. Overall, the model predicted the parameters CHF, h Apyy, @, with MAEs of 19.81% , 18.14

tp>
%, 23.02 %, and 3.22 %. Furthermore, a good agreement with experimental data of bubble
frequency, f,, and bubble length, L, was obtained with MAE of 29.55%, and 27.83%,

respectively.

. The most obvious finding obtained from the heat transfer results is that flow boiling heat transfer
coeflicient in the annular flow mncreases with the vapor quality and mass flux, and mamly is

affected by the liquid film thickness.

. The pressure drop increases with mass flux and vapor quality, as well as by decreasing the tube
size. Moreover, it is likely to decline after reaching the peak at high vapor quality which suggests
that this peak point may be defined as a transition boundary from annular flow to dry-out flow

regime.

. The results obtained have shown that the bubble frequency increases with vapor quality and mass
flux, and the peak of the bubble frequency shows the onset of bubble coalescence in terms of

vapor quality.
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6.2. Future Work

6.2.1. Investigation of the Non-Uniform Heat Flux Effects on the
Characteristics of Flow Boiling Micro-Channels:

Most of electronic devices are characterized by hotspots that experienced on their chips such
as electronic chips of CPUs. Consequently, a non-uniform heat flux distribution is experienced
on the chip surface. It has been proven in several previous studies that flow boiling micro-
channels heat sink is promised to be an effective cooling method for such electronic devices.
However, the mfluences of non-uniform heating sources on the characteristics of flow boiling
micro-channels have not been fully investigated and understood. Consequently, investigating the
effects of non-uniformity of the heating source on flow boiling micro-channels should be

performed analytically and experimentally as it is explained as follows:
Analytical Method:

In this part an analytical model will be developed for studying heat transfer flow boiling
of a micro-tube subjected to a non-uniform heat flux conditions. The model will be developed for
the basic three flow patterns of flow boiling in micro-tubes, namely, bubbly flow, slug slow, and
annular flow. The model will be developed based on the two-phase flow equations of motions
and constitutive relations available for each flow pattern. The main dependent variables
considered in the model are two-phase heat transfer coefficient, pressure drop, bulk temperature,
wall surface temperature, and total thermal resistance. Various non-uniform heat flux
distributions will be considered including linearly axial increasing, decreasing, and mid-pomt
peak shapes. The influence of these non-uniform heat fluxes on the dependent variables will be
mvestigated and discussed considering various working fluids. The equations of the model will
be solved numerically, and the available experimental flow boiling database for micro-channels

will be used for model validation.
Experimental method:

It is of importance to investigate experimentally the influence of non-uniform heat flux

conditions on the performance of flow boiling micro-channel heat sinks, taking into account the
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design of micro-channel heat sink. In other words, different test sections with various geometries
(rectangular and circular cross sections) including the locations of hotspots will be manufactured.
The thermocouples and pressure transducers will be located in the proper positions based on the
chosen test section. The uncertainties in measurements of temperature, pressure, and applied heat
fluxes will be taken into account. The heat flux will be applied along the test section by applying
various hotspots. Various working fluids (e.g. R134a, CO2, and F72) will be employed. All data
will be read using a computer based data acquisition system. A high speed camera will be used
for visualization the flow boiling in the test section in order to define the boundaries of each
observed flow pattern, to see the effect of hotspots location on the bubble nucleation, and to
measure the liquid fim thickness in slug and annular flow regime which wil be used for
calculating the total thermal resistance. Furthermore, this will help to predict the onset of dryness
and study effect of non-uniform heat flux on the occurrence of critical heat flux. The effects of
applied non-uniform heat flux on the wall temperature distribution, pressure drop, flow boiling
instability, and micro-channel heat sink performance will be nvestigated. The experiments will

be performed for wide range of operating conditions considering low and high mass fluxes.

6.2.2. Investigation of Bubble Dynamics and Heat Transfer in
Coalescing Bubble Zone for Flow Boiling in a Single
Horizontal Mini/Micro-Channel:

It has been reported that intermittent flow regime in horizontal flow boiling mini/micro-
channels can be subdivided into two main zones, which are isolated bubble zone and coalescing
bubble zone. Furthermore, a literature review indicates that a severe lack of knowledge on
confined bubble coalescence exists and only few studies have been done for bubble coalescence
zone for flow boilng in miny/micro-channels (e.g Consolini and Thome [145]). Therefore, it is
of importance to carry out more experimental works, and conduct more analytical studies related
to this flow regime m order to fundamentally understand and clarify two-phase flow boiling in
mini/micro-channels.
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6.2.3. Future Flow Pattern Maps

The real application of two-phase flow boiling in micro-channels is related to micro-
channel heat sinks which are subjected to non-uniform heat flux. Furthermore, no flow pattern
maps, even those developed for diabatic flow are applicable for flow boiling in micro-channels
under non-uniform heat flux. Therefore, for identifying the transition lines of each flow pattern,
developing a flow pattern map for flow boiling in micro-channels at non-uniform heat flux will

be very crucial and supports more understanding of the complex phenomenon of two-phase flow

boiling in micro-channels.
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Appendix A

Table (A-1): Essential dimensionless groups for two-phase flow in horizontal mini/micro-channels.

Dimensionless Group Symbol Definition Notes
UD It shows the significance of mertial force with respect to viscous
Reynolds No. Re it force
Py .
U..D Proposed by Chen [54], and expressed in terms of the effective two-
Two-Phase Reynolds No. Re;p Pr7re—n
Ky phase velocity, Urp.

GD . Suggested by Akers et al. [55], and represented in terms of the two-
Equivalent Reynolds No. Re,, —h [(1 —x)+ x(pf/pg)o 5] 28 y [55] p

phase dynamic viscosity.

4G(1 —x) It was presented by Wu et al. [57], and expressed in terms of vapor

Liqud Film Reynolds No. Res pr(1—a) quality and void fraction.
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Rohsenow [56] studied nucleate boiling on heated surface and

G,D
Bubble Reynolds No. Re, Z b identified Reynolds number based on bubble diameter and bubble
b
mass flux.
The ratio between the gravitational force and surface tension force.
_ 2 Additionally, Bond number can show the tendency of the phase-
Bond number. Bo M ) 'lly o Y
o stratification, Ozawa et al [58], and indicates the shape of the
mterface and the effects of wettability angle, Li et al. [59].
The ratio between the applied heat flux q,, and the latent heat of
evaporation h¢ ;. Moreover, it has been used in several heat transfer
B q",'v correlations for two phase flow, Kandlikar [60]. Moreover, it has
Boiling number. Bl
Ghyg been proposed as transition criterion to distinguish two different heat
transfer flow regimes in a single micro-channel as presented by
Ducoulombier et al. [61]
It is defined as the ratio of vapor mass flow rate m g, to the total mass
. mg rate m,. Moreover, it is significantly employed to correlate heat
Vapor quality x -
my transfer and pressure drop database of flow boiling in mini/micro-
channels.
G*D, It represents the ratio between the inertia and surface tension forces.
Weber No. We . e
po It has been employed particularly for identifyng flow pattern
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transition boundaries, Kandlikar [60]. Moreover, various ways have
been suggested in the literature for calculatng Weber number based

on the dommant flow pattern.

Froude No.

Fr

It represents the ratio between inertial and gravitational forces, Baba

et al. [62].

Capillary No.

Ca

It represents the ratio between the viscous force and surface tension
force. Moreover, it has been employed mtensively for correlating
liquid film thickness in slug flow and annular flow regimes, (e.g.
Bretherton [63], Irandoust and Andersson [35], Shedd and Newell
[64], Han and Shikazono [65]).

Confinement No.

Co

[o/9(p1—p,)]""
D

It was introduced by Cornwell and Kew [248, 67], and defined as the
ratio between the bubble departure diameter and the channel

diameter.

Convective Confinement

No.

con

Bo%° X Re

It was proposed by Harirchian and Garimella [66] as a new
confinement transition criterion to distinguish the transition from
macro to micro scale channels. It is defined in terms of Bond number

and Reynolds.
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Table (A-2): Common predictive methods for evaluating heat transfer coefficient for two-phase flow in mini/micro-channels in
mini/micro-channels

Author(s) Working Geometry: Parameter range: Proposed correlation
fluid(s), D, [mm], Glkg/m?.s],
orientation L,[mm] q., [kW /m?],
T gqe[°Cl,
Psa: [ kPal
Chen [54] Water, hep = Ric + Pmac
organic fluids, Rpae = 0.023(Re))*8(Pr)%*(k,/D,)F
AV klO.79 Cz(j)i4-5p10.4-9g3.25 024 075
Rymic = 0.00122 < 0'0'5,11?'29h?1;24p,9'24 )ATsdt Apgar’S
Shah [249] Water Tubes: he, = Yhy
R11 6<D<41mm 0.8
RI12 Annuli: h, = 0.023 (M> Pro4(k,/D)
R22 11< 6 <62mm H
R113 Y = MAX(Ypp, Yy
Cyclohexane Y., = 1.8/N°38
V&H Co =[(1/x) = 11°%(p, /p,)"*

N = Co for Fr; = 0.04
N = 0.38CoFr % for Fr, < 0.04
ForN >1.0:
Y, = 230B0%%;  for Bo>03x107*
Y, = 1+ 46B0%%  for Bo<03x107*
l/) = MAX(lpnb' lpcb)
For0.1 <N <1.0:
Y, = FB0® exp(2.74N7°1)
Y = MAX(Yp5, Pep)

Yps = FBo®Sexp(2.47N°1%)
Inl} = MAX(lpbs' Inljcb)

ForN <0.1:
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F=147; for Bo=11x10"*
F=1543; for Bo<11x10™*
Lazarek & Black | R113 D =3.15mm 140 < G < 740, Nu = 30Re"87 p[0714
[110] 728 data | L, = 123,246 mm | 130 <p,,, <410 Nu = h(D,/k,)
points 3< AT, <73
v
Gungor & | Seven fluids hep, = ERy + Shpge,
Winterton [250] | (Water h, = 0.023(Re,)*8 (Pr,)°*(k,/D,,)
Refrigerants _ _ " \0.67
Ethyline— hPool = 55(PTI)O'12 (—lOglOPT'l) OISSM O'S(QW)
glycol) E=1+ 24000(?’0)1'16 + 1.37(1/X,.)%8¢
4,300 data S =
points 1+ 1.15%x 107%E2Re}"7
= (5 @) ("
Annuli & ’ x P My
Tubes
Liu & Winterton | Nine fluids 295< D, <32 124 <G <£8179.3 htpz = (FR)? + (Shpyy)?
[251] 4,202 sat. 035<q,, <2620 | b, = 0.023(Re,)°®(Pr,)**(k,/D,)
Data pomts 02<AT., <623 _ _ w 0.67
991 sub. Data 0.0023 < p root =SSP (FloguoPr™ M (a,)
: . = Pr 0.35
points < 0.895 F = [1 + xPr (ﬂ — 1)]
V&H 0.1 < ATy, P
Annuli & <173.7 S =
Tubes 1+ 0.055F%Re®16
Tran et al. [252] | R12 24<D,<292 58 < G <832 300 2 03 (P1\ %
R113 L, =900 mm 3.6 <q, <129 hep = 840 x 10%(Bo*We,) (_,,>
R134a 02<x<094
H
Circular &
Rectangular
Tran et al. [1] R12 24<D, <292 58 < G <832 0.62 [Py
R113 3.6 <q,, <129 Nu =770(BoReNeony ) (p_l>
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R134a

H

Circular &
Rectangular

02<x<0.8

Kattan et al. [83]

R134a

R502

R123

R402a

R404a

H

Circular

1,141 data
points

D, = 10.92

h, = gdryhp + (27‘[ _ ngY)hwet
w 21

hwet = (hflb + hgb)1/3

h,, = 55(Prz)0'12(—109101’7‘1)_0'55M"O'S(q",'v)o'm

m = 0.69; C = 0.0133

Yu etal [181]

Water
H

D, = 2.98
L, =910

50< G <200

-0.2
h, = 64 % 105(Bo*We,)*?’ (ﬂ)

Zhang et al. [34]

Data collected
for

Water,

R11, R12,
R113

v
hep =S hy, + F- hy,
0.79 045 049 0.25

hnb=0.00122<l pl DL e >ATS"£“AP&?

05,029 7024 024
o= hy ™ py

S =[1+253x 107°Re}""| "’

F = MAX(F',1); F' = 0.640,; 02 = 1+ o 4 —
At : frrr X X2

For Re; <1000 & Re, < 1000,X = X,,,,C =5

For Ref > 2000 & Re, < 1000,X = X,,,,C = 10

For Ref <1000 & Re, > 2000,X = X, C = 12

For Re; > 2000 & Re, > 2000,X = X,,,C = 20

Q@ Q@ Q@ «

Kandlikar &

Balasubramania
n [253]

h'tp = MAX(hnb'hcb)
h,, = 0.6683C0~°2(1 — x)°8h;, + 1055B0°7 (1 — x)° Fy,hy,
he, = 1.136C0~%°(1 — x)%8h,, + 667.2B0%” (1 — x)*¢F,,h,,

Re, Pr 2)(k,/D
For 104 < Relo < 5 x 106' hlo — lo l(f/ )( l/ )

1+ 127(Pr?”* —1)(f/2)°5
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~ (Re,, — 1000)Pr,(f/2)(k, /D)

For 3000 < Re,, <10% h, =
o 1+ 127(Pr? — 1)(f/2)05
f =[1.58In(Re,,) — 3.28]7%°

Choi et al. [144] | R22, R134a, | D, = 1.5;3.0 200 <G < 600 hey =S hy, +F-hy
CO2 L, =2000 (1)%S<qW<S14(§) g = 469.1689((2)]%)_0'2093Bo°'74°2
vEa=s F = 0.04207 + 0.958
R = 55(Pr)*% (~log,oPr) 0% M~*5(qy, )"
h, = 0.023(Re))*®(Pr)°*(k,/D,)
02 =1+% 4
f = X X2
C(tt) =20; C(vt) =12; C(tv) = 10; C(vv) = 5;
Saitoh etal [37] | R134a; 0.51< D, <1092 hey =S hyoor +F - hy,
H; _ _4\ 14771
Data  pois: 5 = [1+0.4(Re,, x 104"
2,224 F=1+[(1/X)"/(1+ We;**)]
q d 0.745
0.581
Rpoor = 207(k,/d,) (kW_Tb> (Pg/PL) Prp%
141
h, = 0.023(Re,)°8 (Pr,)%4(k,/D,)
0.5
d, = 0.51(206/9(p, —pg))
Bertsch et al | Data 016 <D,<292 |20< G <3000 hep =S "hyg +F * Aeony ip
[25] points:3,899; 40 < q,, <1150 S=(1-x)
12 working 00<x<1.0 F =1+80(x2— x%)e06C0
Mds; —197 < Tsat =97 hconv,tp = hconv,l | (1 - X) + hconv,v "X
0.0668Re, Pr(D, /L k
Reoms x = |3-66 + Pr(D, /L) -(—’);kzl,v
' 1 + 0.04[Re, Pr(D,/1)]1?/3| \D,
Choo & Kim | Air-Water D, 340 < q,, < 950 Nu,, = 0.023 Re["Pr)*F
[254] = 0.14;0.222; 0.334 F=C-X™

* _1
m=08-— 0.8[1 +eld _37)/7] ; d*=dy\o/pg
C =2.94 +358- ¢~ (014D
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n=07—08[1+ @472

Oh etal [156]

Data
1,588
R22, R134a,
R410a, C3HS,
CcO2
Horizontal

points:

D, =0.5;1.5;3.0
L, =330;1000;
1500;2000; 3000

50 < G < 600
5.0 < q,, <40
0.0<x<1.0
0.0 < T, <15

heyy =S hy, +F-h
§=0279-(93) """ Bo00%
F = MAX[(0.0239% + 0.76), 1]
c 1
1+-+—

2
(Df_ X X2

Kim
Mudawar [255]

&

Data
10,805;
Water, R134a,
R152a, FC72,
R11, R113,
R123,
R1234yf,
R1234ze,
R22, R236fa,
R245fa, R32,
R404a,
R407c,
R410a,
R417a, CO2,

points:

019<D, <65

19< G <1608
00<x< 1.0
0.005 < p, < 0.69

hep = (hay + h%,)*°

PH 0.7 .
h,, = [2,345 <BOP_F> P38 (1—x)"" 1] hy

P.\0-8 1 | 094 0.25
5.2 (Bo —H) We;%%* + 3.5 (—) <p—g> hy
Pr Xt Pg

k
_ 0.8p..0.4_f
hf = 0.023Ref Prf 5

h’cb =

Fang [256]

Data
2,956;

CO2
Horizontal
Single tubes

points:

0529 < D, < 7.75

97.5 < G < 1400
3.93 < q,, <40

0.004 < x < 0.99
0.14 < p, < 091

Nu,, = 0.00061(S + F)Re Fa®** Pr)* /[In(1.024p, /1y, ) |
S =41x103Bo'® —0.275

P (%)

(0.48 + 524 x 107 (Re,Fa®1)°% — 5.9 x 107%(Re,Fa®1)"#°
_ 4 for (Re,Fa®'') < 600
|

a

0.87 for 600 < (RelFaO'll) < 6000
160.8/(Re,Fa®1)%¢ for (Re,Fa®') > 6000
Fa = (p, —py)o/(G*Dy)
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Mahmoud & | R134a; 052<D,<426 |100<G <500 hey =S heooper + F - hy
Karayiannis Data points:| 150 <L, <450 |24<gq, <1754 |F =[1+ (2.812C07°%%8 /x)]06*
[207] 5,152 600 <p <1000 S = [1+256 x 10-6(Re,F125)117]-1
Horizontal
Kim et al. [257] | R1234yf; D, =15;3.0 200 <G £650 hep =S heooper T F - hy
Horizontal L, =1000;2000 50<gq, <40 F = MAX[(0_065®}.6)' 1]
Tepe = 10515

S = a(@?)bBoc

For Intermittent flow : a = 8.91;b = —0.158;c = 0.19
For Stratified flow:a =4.47;b = —0.1;¢c = 0.1

For Annular flow:a = 6.3; b = —0.23;¢c = 0.13

Wu et al. [258]

collected data

019<D, < 2.6

234 < G <2000

For elongated bubbly zone :

points: 1,619 1.0 < q,, <1150 When Bl < Bl,, gnsition

Water, Gd, x 0.39

Propane hdh/kl = 62.37310'279 [—(1 x) BOO'195

. i l’l‘l -

é“ggoma’ R11 When Bl = Bl,, ,nsirion & B0 < 0.48

o e hd,,/k, = 798(1 — 1.81B0)BI®71* Re?1

R236fa’ When Bl = Bl,, gnsition & Bo = 0.48

Eﬁ?éi’ hd,/k, = 42.15(1+ 3.17B0o) Bl®7**Re} !

RI123 4z’e For Annular zone :

R600a ’HFO- h/h,. = 0.0399(BI°3Re,)"*3

1234 yt,“ Note: only here Bl is Boiling number, Bo is Bond number
Lim etal [7] Water D, =05 G = 200;400; 600 Re®1%¢ k

100 < q,, < 400
Pin
=110 — 170 kPa

h, = — .
tp B 0117 619%42 Dh
Cpy = 0.4905 + Fr, (1 — x3134)

T

Note : (V) for Vertical, (H) for Horizontal.
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Table (A-3): Pressure drop correlations for two-phase flow in mini/micro-channels.

Author(s) Working Geometry: Parameter range: Proposed correlation
fluid(s), Dy, [mm], Glkg/m?.s],
orientaton | L, [mm] q,,[kW /m?],
Tol’Cl,
Psac[kPal, j[m/s]
Chisholm [259] | Steam/water | conventional Ap,, = % Apy,
mixture irrlllgoth tubes 2 =1+ (T2 - 1)[Bx(2—n)/2(1 —x)@™/2 4 x27)
0.5 __22-n
channels r = (Ap_90> . B= &; =1+ (x/pg) ;
Ap,, rz—1 (x/p,) + (1 =x)/p,
=0.25
Lin et al. [162] | Data points: | D, 1440 < G <5090; (dp/dz), = 0% (dp/dz),,
238; =0.66;1.17 | 0.0 <x<0.25 In[(7/Re,)*® +0.27(e/D)] 16 p
R12 L, =1500 4.64 % 10° <Re < o = l - 05 l [1 +x (—l— 1>l
3.76 x 10°; In[(7/Re,;,)*° + 0.27(e/D)] Pg
630 < p;,, < 1320; _ _ _
17 < T,, < 53 Reio = (GD)/ i3 Re, = (GD)/k,
g
‘L{_ =
' pg + x4 (1 — 1)
Moriyama et al | R113 With:30 200 <G <1000; 2 _q +£
[8] Rectangular | Gap:0.035— | 0.0 < x < 0.25 w Xz,
0.11 4 < q, <30; K {0.9Rel°'3 for Re, > 13
Ly =265 37 < T}, = 107, 1.0 for Re, <13
100 <p <200 2p,Dy,
Re, =
My
Mishima  and | Air-water 1.05 < D, 0.0896 <j, <793 2 _q +£ _I_L
Hibiki [173] Vertical < 4.08 0.0116 < j, < 1.67 o " T x X2
capillary C = 21[1 _ e(—0.319Dh)]
tubes
Tran et al. [164] | R12; R113; | D, 50< G <832; Ap,, = B,Ap,,
R134a =2.46;292 | 0.02<x<095 2 =14 (432 = 1)[Co™x%875 (1 — x)O87> + x175]
Horizontal L,=914 |22<gq, <129;
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Circular; 0.04 <p, <0.23; rz— (Apgo
Rectangular Ap,,
610 data
points
Lee and Lee | Water-Air; | D, = 0.78; 175 < Re,, < 17,700 2 _q +£ +l
[260] H; 1.91;3.64; | Pin = Patm’ o T T x X2
Rectangula 6.67 ' P
ectanguiar C=aryRes, ; =Y, 1=—FL . Re =2000
o p,0Dy
For Re;&Re, < Re.: A = 6.833 X 1078%,q = —1.317;r = 0.719;s =
0.557
For Re; < Rec&Reg > Re.: A =6.185 X 1072; q=0.0;,r=0.0; s=
0.726
For Re; > ReC&Reg <Re.:A=3.627;q =0.0; r=0.0;, s =0.174
For Rel&Reg > Re,:A=0.408; q = 0.0; r = 0.0; s = 0451
Zhang and | R134a, R22, | D, = 2.13; 200 < G <1000 ; =1 -x)*+287 x*p 1 +1.68-x%8-(1—x)02 - p 164
Webb [261] R404a, 3.25;6.25; 017 <x <093
Data points: 20< Ty, < 65;
119 0.2 <p, <0.51;
single &
multi
Circular
H
Yu etal [181] | Water D, =2.98; 50< G <200 Modified Chisholm [219, 259] correlation
Circular, L,=910; T,, = 80; , Pg\°5 (1 — x| Red? -19
= : =118.65 <—> (—)
H p = 200; lo l Py x Re?'s
Yun and Kim | CO2 Mini-tubes: 100 <G <3570, Modified Chisholm parameter:
[165] H D, 5 < q;, < 48 s C 1
=0.98;2.0 b=ltyty
Micro- C=21-[1-e1970n)]
channels:
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D

=h1.08; 1.54
Hwang and | R134a D, =0.244; | 140<G <950; 2 _q +£ +i
Kim [166] 0.430;0.792; | 0.08 < x < 0.95 to = X X2
C = 0.227(Re,,)*2 X7 9320Co7082  ;  Co:Confinement number
Choi and Kim | Water- 0141 <D, 0.075 < G, <80 Based on HFM:
[178] Nitrogen < 0.490 66 < G, <1000 bubble regime: fip = 6.48Re; 0%
Rectangular 0.06 < j, < 72 transition regime:  f,, = 5.43Re
H 006<;,<10 liquid ring regime: f,, = (AR + 0.46)Re.>°
2< Re, <2,134 Based on SFM:
32 < Re, <477 bubble regime: C =(,,(0.0012G + 1.473)
transition regime: C = C,,(0.0008G + 0.95)
liquid ring regime: C = C,,(aG + b)
C = 21(1 — e‘lmz/co) ; Cois Confinement No.
a = 0.6584R + 0.13; b = 0.0016AR + 0.0003;
AR: aspect ratio
Magbool et al. | Ammonia, D, 100 <G <500; (dp/dz), = 0% (dp/dz),,
[179] Circular , =1.224;1.7 | 00<x<1.0 2 =1+ (43Y2-1)[0.2C0™* x5 (1 — x)087> + x175]
\% L, = 245 15 < q,, < 355; V2= (%)
T, = 23;33;43 =\ap,,
Lim ctal [180] | De-ionzed | D, = 050 | G = 200;400;600;; | ¢ = 071 (Rey, )" (Wepy)
water; 100 <gq,, < 400 ¢D, 62D, x -0l
Eectangular, 00<x<0.20 Re,, = ”—tp ; We,, = m S Uy = [E + m ]

110 < p;, < 170;

Note: (V) for vertical, (H) for horizontal
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