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Abstract

Continuous development of highly efficient and compact cooling elements are driven by
extensive developments of Micro-Electro-Mechanical Systems (MEMS) devices such as
microprocessors or micro high-powered laser systems. As microprocessors continue to
head in the direction of miniaturization, it was quickly realized that the major obstacle
to overcome was ’heat’. This justified the need for the development of a new generation
of liquid cooling technologies that involves phase-change processes. However, signifi-
cant differences in two-phase transport phenomena have been reported in the microscale
sized channels as compared to conventional macroscale channels. The classification of
macroscale, mesoscale and microscale channels with respect to two-phase processes is
still an open question.

This research project focuses on investigating the macro-to-microscale transition during
flow boiling in small scale channels of various size and refrigerants to investigate the effects
of channel confinement on flow boiling heat transfer, two-phase flow patterns, pressure
drop, critical heat flux and liquid film stratification in a single circular horizontal channel.
In this project, we systematically investigated the trends observed in the heat transfer
data, pressure drop, critical heat flux and film stratifications for wide range of conditions
as a function of flow pattern, creating a uniquely comprehensive experimental database
for R134a (high pressure), R236fa (medium pressure) and R245fa (low pressure) in the
1.03, 2.20 and 3.04 mm channels. From a heat transfer viewpoint, the prediction of the
heat transfer requires first the prediction of the two-phase flow regimes in these small
scale channels. So, in that respect an improved flow pattern map has been proposed
and by determining the flow patterns transitions existing under different conditions, the
effects of the flow regimes and channel dimensions on flow boiling heat transfer is thus
explained. A flow pattern based heat transfer prediction model, i.e. the three-zone model
showed good agreement in the prediction of heat transfer coefficients corresponding to
the isolated bubble (IB) and coalescing bubble (CB) flows. As for the two-phase pressure
drops, various statistical comparisons have been made by comparing the pressure drop
database with various macroscale and microscale prediction methods, finding that three
macroscale and two microscale methods predicted the pressure drop database with good
accuracy. From this research, a distinctive peak in the CHF has been identified when
comparing the experimental CHF database for 0.50, 0.80, 1.03, 2.20 and 3.04 mm chan-
nels (the first two from previous study). A new CHF prediction method was developed
that is applicable for the CHF prediction of single, square multi-microchannels and split
flow multi-channels. Finally, the processing of the high speed flow visualization images
provided the interpretation of the lower threshold of the macro-microscale transition. As
an approximate rule, the lower threshold of macro-scale flow is Co= 0.3-0.4 while the
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upper threshold of the symmetric microscale flow is Co ≈1.

Keywords: two-phase flow, macroscale, microscale, transition, confinement, flow boiling,
heat transfer, pressure drop, critical heat flux.
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Le développement continu des systèmes de refroidissement compacts et performants est
motivé par lévolution des Systèmes Micro-Electro-Mécaniques Systems (MEMS) tels que
les microprocesseurs ou les microsystèmes de laser haute puissance. Comme la tendance
actuelle en matière de microprocesseur est la miniaturisation, l’obstacle majeur à surmon-
ter s’est vite révélé être la "chaleur". Cela explique la nécessité de développer une nouvelle
génération de systèmes de refroidissement liquide basés sur un processus de changement
de phase. Toutefois, des différences significatives dans les phénomènes diphasiques ont été
rapportées entre les micro-canaux et les macro-canaux conventionnels. La classification
des macro-, méso- et micro-canaux vis-à-vis des phénomènes de changement phase est
toujours une question ouverte.

Ce projet de recherche est axé sur l’étude de la transition entre les échelles macro et
micro lors des écoulements en ébullition pour des canaux à petite échelle pour diverses
tailles et réfrigérants afin d’étudier l’effet du confinement sur le transfert de chaleur, les
modes d’écoulement diphasiques, les pertes de charge, le flux de chaleur critique et la
stratification du film liquide dans un tube circulaire. Lors de ce projet, les tendances
observées dans les données de transfert de chaleur, pertes de pression, flux de chaleur cri-
tique et stratification de film liquide ont été systématiquement examinées pour une vaste
gamme de conditions en fonction de la configuration de l’écoulement, créant ainsi une
base de données expérimentales complète et unique pour les fluides R134a (haute pres-
sion), R236fa (moyenne pression) et R245fa (basse pression) dans des tubes de diamètres
Din=1.03, 2.20 et 3.04 mm. Du point de vue du transfert de chaleur, la prédiction
du coefficient de transfert de chaleur nécessite tout d’abord la prédiction des régimes
d’écoulement diphasiques dans le tube. Dans ce sens, une version améliorée de la carte
d’écoulement en micro-canaux a été proposée et par la prédiction des transitions entre les
différents régimes d’écoulement existant selon différentes conditions, les effets des régimes
d’écoulement et des dimensions de canal sur le transfert de chaleur en ébullition ont été
ainsi expliqués. Un modèle de prédiction de transfert de chaleur basé sur les régimes
d’écoulement, à savoir le modèle à trois zones, a montré de bons résultats pour la pré-
diction des coefficients de transfert de chaleur correspondant aux écoulement IB et CB.
Pour les pertes de pression diphasiques, diverses comparaisons statistiques ont été faites
entre les bases de données obtenues et les différentes méthodes de prévision existantes
pour les échelles micro et macro. Lors de cette étude, un pic distinctif pour le flux de
chaleur critique (CHF) a été identifié en comparant les bases de données expérimentales
obtenues pour des canaux de diamètres Din=0.50, 0.80, 1.03, 2.20 et 3.04 mm. Une nou-
velle méthode de prévision du CHF a été développée et est applicable pour la prédiction
du CHF pour des mono- et multi-microcanaux à écoulement simple ou séparé. Enfin, le
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traitement d’image des écoulements enregistrés à haute vitesse a permis l’interprétation
du seuil inférieur de la transition macro/micro. En première approximation, le seuil in-
férieur de l’échelle macro correspond à un nombre de confinement de Co=0.3 - 0.4, alors
que le seuil supérieur de l’échelle micro correspond à Co ≈1.

Mots clés: d’écoulement diphasiques, macro, micro, transition, confinement, écoulements
en ébullition, transfert de chaleur, pertes de pression, flux de chaleur critique.
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Chapter 1

Introduction

1.1 Overview

Liquid-vapor phase change processes provide numerous advantages for many technological
applications. These phase change phenomena associated with boiling and condensation
occur in numerous heat transfer and fluid mechanic applications due to their highly ad-
vantageous thermodynamic efficiency. The inclusion of these technological applications
stretch from nuclear, aerospace, automotive and refrigeration industries to microelectron-
ics thermal management systems. It is widely anticipated that the heat dissipation per
unit volume for micro devices will rise further in the near future, thus justifying the need
for more energy efficient cooling with higher heat removal characteristics.

The need for high heat flux dissipation technologies involving phase change processes for
these microelectronics have become a challenging task for heat transfer engineers. Two-
phase heat sinks for microcooling systems such as those described in Jiang et al. [43], [44]
are compact in size but must be able to achieve high heat transfer rates associated with
flow boiling heat transfer of the refrigerant/coolant through latent heat of vaporization.
As a consequence, the rapid advancements in microfabrication technologies are creating
a worldwide redirection of liquid-vapor phase change research and development from the
conventional macroscale to the microscale transport phenomena.

According to Thome [45] , the ’best’ cooling process involves forced flow boiling pro-
cesses to achieve high heat dissipation efficiency. In comparison, thermal heat dissipation
through latent heat of vaporization is on the order of ≈100 times higher than the sub-
cooled liquid specific heat. Literature reviews have shown that flow boiling offers high heat
flux dissipation capabilities at moderate wall superheats. Another significant advantage
of microscale in-tube flow boiling heat transfer includes a low refrigerant/coolant charge
and mass flow rate but a significantly larger mass flow rate per unit flow area. Fig. (1.1)
illustrates the comparison of various cooling techniques by Lin et al. [46]. From this, it
is clear that the prospect of confined flow boiling in future Micro-Thermal-Management
Systems (MTMS) holds the promise of solving the upcoming technological void for the
commercial electronics cooling industry.

1



2 Introduction

Figure 1.1: Heat transfer for various coolant and heat transfer modes

Significant advances have been made since the 1950s to successfully develop an under-
standing of the macroscale flow boiling heat transfer phenomena. However, major differ-
ences in the transport phenomena have been reported in the microscale in comparison to
the macroscale. Hence, this brings up the question of channel size and and the proper
definition of macroscale and microscale in two-phase processes and the need to address
flow boiling processes in the transition from macro to microscale. Most macroscale heat
transfer prediction methods and theories, two-phase flow pattern maps and pressure drop
prediction methods from literature are inadequate to describe the flow boiling process
in the microscale. The failure of these methods to accurately predict the heat transfer
coefficient, pressure drop and flow regimes in microscale channels allows only part of the
macroscale knowledge to be transferred to microscale studies. As discussed, this is due to
significant differences in the phase change phenomena in the macro-micro transition re-
gion. In brief, many extrapolation of macroscale models to microscale boiling conditions
were performed without a sound physical basis and clear understanding of the fundamen-
tal issues representing two-phase flow and heat transfer in microscale channels. Despite
numerous investigations in this field for nearly thirty years since the first experiments
by Lazarek et al. [5], the characteristics of two-phase heat transfer and the transport
phenomena in these small scale channels have yet to be well clarified.

1.2 Research Objective

This research project focuses on investigating the macro-to-microscale confinement ef-
fects of channel dimensions and refrigerant fluid properties on flow boiling heat transfer,
two-phase flow patterns, pressure drop, critical heat flux and liquid film stratification
in a single circular channel. In ’true’ evaporative flow boiling in microscale channels,
the influence of gravity becomes irrelevant compared to the surface tension effects. The
confinement number accounts for the ratio of gravity and surface tension forces, be-
coming macroscale for Co < 0.5 and Co > 0.5 for microscale, where Co is defined as
Co= 1

Din

√
σ

g(ρl−ρv)
. For this investigation, flow boiling experiments have been conducted
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for three refrigerants (R134a - high pressure, R236fa - medium pressure and R245fa - low
pressure) in a single circular channel with 1.03, 2.20 and 3.04 mm internal diameters.
Experimental and theoretical investigations have been made for a mechanistic classifi-
cation of two-phase flow systems into the macroscale (conventional channels), miniscale
(mesoscale) and microscale flows and is discussed in the following chapters. The test
conditions were manipulated so as to obtain all three regimes according to the tentative
confinement number transition criterion, Co = 0.5, proposed by Lin et al. [6]. Other
dimensionless parameters such as the Weber and Capillary number that account for the
relation between surface tension, inertia and viscous forces have proven to be of relevant
importance in explaining the complex hydrodynamic features of this transitional flow
boiling phenomena. Throughout this experimental campaign, a systematic investigation
of the trends in heat transfer, pressure drop, two-phase flow patterns, critical heat flux,
void fraction and liquid film stratifications for a wide range of conditions as a function
of flow pattern has been undertaken to generate a uniquely comprehensive experimen-
tal database to then be used in the analysis for defining an improved macro-to-micro
transition criterion.

The contents of this manuscript are organized into the following chapters:

1. Chapter 1 - Introduction

2. Chapter 2 - State of the Art Review

3. Chapter 3 - The Experimental Campaign

4. Chapter 4 - Two-Phase Flow Patterns

5. Chapter 5 - Flow Boiling Heat Transfer

6. Chapter 6 - Two-Phase Pressure Drop

7. Chapter 7 - Optical Film Thickness Measurement Measurement

8. Chapter 8 - Critical Heat Flux

9. Chapter 9 - Conclusion and Recommendation
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Chapter 2

State of the Art Review

2.1 Overview

Flow boiling heat transfer researchers are in a ’dilemma’ on how to classify the channel di-
mensions according to macroscale, miniscale and microscale channels. There is no proven
criterion in the literature to define the difference among macroscale (or macrochannels),
miniscale (minichannels) and microscale (microchannels). In other words, there is no
established universal agreement or available definition in literature to clearly predict the
transition in the flow characteristics and heat transfer trends when decreasing the chan-
nel diameter to very small sizes. In this chapter, reviews of macro-microscale transition
criteria flow boiling heat transfer, two-phase flow pattern maps, two-pressure drops and
critical heat flux are presented. The reason is that all of these experimental parameters
will be measured in the experimental part of this thesis and then be used as "clues" to
determine or identify the macro-microscale general transition criterion.

2.2 Macro-Microscale Transition Criteria

Several macro-to-microscale transition criteria have however been proposed by indepen-
dent researchers ranging from physical channel size classifications to approaches based
on bubble confinement and bubble departure diameter. These criteria are so far not of
proven utility. Representative work to determine the transition criteria in two-phase flow
have been briefly reviewed and are presented in the following sections of this chapter.

2.2.1 Channel Size Classifications

Single-phase gas flows on the other hand can be classified based on rarefaction effects
based on the Knudsen number, Kn as shown in Fig. (2.1). Fixed channel classifications
have been proposed by independent researchers based on the physical size of the channels.
Mehendale et al. [47] proposed the following classification : microchannels for a size range
1 µm - 100 µm, mesochannels for channel sizes from 100 µm to 1.0 mm, compact chan-
nels from 1.0 mm to 6.0 mm and macrochannels for all channel sizes exceeding 6.0 mm.

5
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Kandlikar et al. [2] instead proposed another criteria for macro-microscale channel classi-
fication based on flow considerations. The author proposed that conventional channels are
identified as those with hydraulic diameters of 3.0 mm or larger while minichannels have
been classified for those with hydraulic diameters of 200 µm to 3.0 mm. Microchannels
are those smaller than 200 µm, and so on as shown in Fig. (2.2).

The Kandlikar et al. recommended the in above criteria for both liquid and two-phase flow
applications to provide uniformity in channel classification. The following classification is
presented in Fig. (2.2). Shah [48] characterized compact heat exchangers as exchangers
with surface-to-volume ratio > 700 m2/m3, which translates to a threshold diameter for
the macro-micro transition of < 6.0 mm irrespective of the fluid properties.

Figure 2.1: Knudsen number ranges for various types of flow for Harley [1]

Figure 2.2: Channel classification proposed by Kandlikar [2]

2.2.2 Bubble Confinement

The bubble confinement approach is based on the confined growth of a bubble in small
channels. The role of surface tension forces becomes important and the gradual imminent
suppression of the gravity forces increases as the channel size decreases. Kew et al. [49]
performed flow boiling experiments for single channels with internal diameters of 1.10,
1.80, 2.80 and 3.60 mm and for a square channel of 2.0 x 2.0 mm as part of a compact
heat exchanger study. They proposed bubble growth confinement within a channel for
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the distinction of macro-and-microscale channels in the form of a Confinement number,
Co:

Co = 1
Din

√
σ

g(ρl − ρv)
(2.1)

They set the threshold at Co=0.5 where Co > 0.5 is for microscale and Co < 0.5 for
macroscale.

Triplett et al. [50], who have systematically investigated capillary gas-liquid two-phase
flows in 1.10 and 1.49 mm circular microchannels, proposed two-phase flows smaller than
the order of the capillary length as the threshold of microchannel flows. In continuation,
Brauner et al. [51] investigated the effect of channel diameter on the mechanisms leading
to adiabatic flow pattern transitions in single channels and proposed the role of the
dimensionless Eötvös number Eö for the macro-micro threshold. The Eötvos number is
similar to the Bond number Bo and represents the ratio of buoyancy force to surface
tension forces. The Eötvos number is defined as:

Eö = g(ρl − ρv)d2
in

8σ (2.2)

They showed that the Eö number plays an important role in dictating the relevant char-
acteristics in dispersed flows and the wall wetting characteristics in separated flows. In
conclusion, they proposed an Eö ∼ 0.2 as the characteristic threshold value for microscale
flows.

Li et al. [41] conducted an experimental investigation to determine the channel size effects
on two-phase flow regimes for in-tube condensation. They studied the effects of gravity
by investigating the transition from asymmetric flow to symmetric flow. The authors
subdivided the flow distribution characteristics and proposed the following criteria for
the mini-to-microscale transition. The threshold diameter is defined as dth = 1.75Lcap
and the critical diameter as dcrit = 0.224Lcap. The capillary length is defined as:

Lcap =
√

σ

g(ρl − ρv)
(2.3)

Their observations, based on the flow regime with respect to the internal tube diameter
din, are described as follows:

1. din < dcrit : Gravity forces are insignificant compared to surface tension forces. The
flow regimes are symmetrical.

2. dcrit < din < dth : Gravity and surface tension forces are equally dominant. A slight
stratification of the flow distribution is observed.

3. dth < din : Gravity forces are dominant and the flow regimes are similar to macroscale
flows.

Similarly, a subsequent review by Cheng et al. [42] classified the work of Li et al. [41] on
phase change heat transfer into Microchannel, Mesochannel and Macrochannel in terms
of the Bond number, Bo. They proposed the following classifications:
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1. Bo < 0.05 : Microscale flow and the effect of gravity can be neglected.

2. 0.05 < Bo < 3.0 : Mesoscale flow where surface tension is dominant and gravity
effects are small.

3. Bo > 3.0 : Macroscale flow where gravity forces are dominant.

Review Summary

In summary, the dimensionless numbers such as the Eötvös number (Eö), Bond num-
ber (Bo) and the Confinement number (Co) are interrelated as:

Eö = Bo

8 = 1
8Co2 (2.4)

The Confinement number, Co is adopted for use here in this manuscript as it accounts for
confined flow boiling occurring in these small scale channels. The Confinement number,
Co is defined as the bubble capillary length over the channel size. Upon the onset of
bubble nucleation, the bubble grows and becomes confined when the bubble diameter
reaches the channel size. The bubble will then continue to grow in length in the stream
wise direction resulting in elongated bubbles observed in small scale confined channels.
This acknowledges the importance of scaling effects in terms of forces and the bubble
geometry.

2.2.3 Bubble Departure Diameter

Jacobi et al. [52] proposed a heat transfer model based on elongated bubble flow in mi-
croscale channels. Their assumption is that microscale flow is reached when the bubble
growth diameter reaches the tube internal diameter followed by subsequent detachment
from the wall surface. In their heat transfer model, the critical bubble radius is eval-
uated using the effective nucleation wall superheat. A comprehensive macro-microscale
transition review by Thome [53] proposed the use of nucleate pool boiling bubble detach-
ment due to the lack of availability of methods to predict bubble departure diameters
for confined bubble flow. Various expressions and correlations have been proposed by
independent researchers to predict the bubble departure diameter during nucleate pool
boiling. This includes the Fritz [54] study, Nishikawa et al. [55], [56], Kutateladze et
al. [57] and Jensen et al. [58].

The various approaches proposed by individual researchers in the previous sections have
been compared for the three fluids tested in the present study, plotted as refrigerants a
function of threshold diameter vs. reduced pressure. Fig. (2.3) illustrates the possible
range of macro-microscale transition threshold diameters for R134a, R236fa and R245fa.
All of these methods can be considered to be preliminary since none have been system-
atically validated.
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Figure 2.3: Macro-microscale threshold diameter for (a) R134a, (b) R236fa and (c) R245fa as
a function of reduced pressure.
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2.3 Flow Boiling Heat Transfer

This section addresses the in-tube flow boiling heat transfer mechanisms and the heat
transfer trends during flow boiling in small scale channels. A comprehensive review of
several experimental flow boiling studies by different researchers is presented here. From
the literature, experimental results from different researchers can hardly be compared
against one or another since there is not any accepted benchmark among these researchers
on the issue of the dominant heat transfer mechanisms during flow boiling heat transfer
in small channels. In other words, researchers are in somewhat of a dilemma to conclude
which is the dominant heat transfer mechanism in these channels. Thus, the flow boiling
heat transfer mechanisms have been classified by independent two-phase flow boiling
researchers into three different categories: (i) nucleate boiling dominant which is heat flux
dependent, (ii) convective boiling dominant with the heat transfer coefficient dependent
on mass flux and vapor quality but not heat flux and (iii) thin film evaporation of the
liquid film around elongated bubble flows which is heat flux dependent.

2.3.1 Heat Transfer Mechanisms

Macroscale Flow Boiling

Flow boiling research studies in the 1950s and 1960s have recognized that the heat transfer
coefficient in macroscale flow boiling is an interaction of nucleate and convective boiling.
In-tube flow boiling of refrigerants in macroscale or (conventional) channels can thus
be classified according to nucleate boiling relating to the formation of vapor bubbles at
the tube wall surface and convective boiling in which the heat is transferred through
conduction and convection through a thin liquid film with continuous evaporation at the
liquid-vapor interface. It is often assumed for simplicity that only one of the boiling types
occurs at once and that the mechanism switches from one type of flow boiling to the other
at some point. In fact, the flow mechanisms can coexist as the thermodynamic vapor
quality increases where convective boiling gradually supplants nucleate boiling. Thus,
nucleate and convective boiling components can be superimposed by a very complex
mechanism. Steiner et al. [3] studied the fundamental characteristics of flow boiling
in vertical tubes and suggested that convective boiling is the only mechanism for heat
fluxes below the onset of boiling where the heat transfer coefficient is independent of
heat flux over a wide range of vapor quality. For fully developed nucleate boiling at
high heat fluxes, the heat transfer coefficient is virtually independent on mass flux and
vapor quality. A typical schematic representation of the in-tube flow boiling process is
illustrated in Fig. (2.4):

1. At the vapor quality of x = 0, the onset of nucleate boiling is reached and the heat
transfer coefficient corresponds to the respective heat fluxes.

2. At low heat fluxes, convective boiling is significant and becomes the dominant mech-
anism with increasing vapor quality.
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3. At intermediate heat fluxes, the heat transfer coefficient is largely independent
of vapor quality before converging into a single value at higher vapor qualities
where convective boiling becomes dominant. The nucleate boiling coefficient values
increase with increasing saturation pressure.

Figure 2.4: Schematic of macroscale vertical in-tube flow boiling process adopted from Steiner
[3]

Kattan et al. [4, 59, 60] performed in-tube flow boiling experiments for five refrigerants,
(R134a, R-123, R-402A, R-404A and R-502) in a 11.9 mm copper tube for a wide range
of parameters to study the effects of local flow patterns on flow boiling heat transfer.
In this pioneering work, the authors proposed a flow boiling model that takes a more
fundamental approach in predicting the local heat transfer coefficients by incorporating
a simplified flow structure into the heat transfer prediction as a function of the local flow
pattern, i.e. Stratified−wavy, fully Stratified, Intermittent and Annular flows. Fig. (2.5)
illustrates the simplified two-phase flow structure used in their heat transfer prediction
model.
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Figure 2.5: Geometrical illustration of the liquid-vapor regions, stratified and dry angles from
Kattan et al. [4]

In continuation, Wojtan et al. [13] performed flow boiling tests for R22 and R410A in
horizontal tubes with 8.0 and 13.84 mm internal diameters. Upon completion of their
work, they have implemented several important modifications to the flow pattern map
of Kattan et al. [4] by subdividing the stratified−wavy region into three subzones: Slug,
Slug/Stratified-wavy and Stratified−wavy flow and the extension of the heat transfer
prediction model to include dryout and mist flow by addition of the annular-to-dryout
and dryout-to-mist flow transition lines. Fig. (2.6) illustrates the comparison of their new
prediction method and new macroscale flow pattern map with the flow boiling experi-
mental data of Lallemand et al. [61] for refrigerant R22 in a 10.7 mm internal diameter
tube.

Figure 2.6: Refrigerant R22, Din=10.7mm, Tsat=5 oC, q=10.0 kW/m2 at: (a) G=150 kg/m2s
and (b) G=250 kg/m2s
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Jabardo et al. [62] experimentally investigated convective boiling for refrigerants R22,
R134a and R404A in a copper channel with an internal diameter of 12.70 mm. From
their experimental observations, they observed the influence of physical parameters such
as mass flux and heat flux on their in-tube flow boiling heat transfer results. The flow
boiling heat transfer data obtained by Jabardo et al. [62] are shown in Fig. (2.7).

(a) (b)

Figure 2.7: Experimental heat transfer coefficients vs. vapor quality for R22, R134a and
R404A: (a) Effects of heat flux and (b) Effects of mass flux.

Microscale Flow Boiling

Pioneering work on microscale flow boiling heat transfer was performed by Lazarek et
al. [5] for R-113 in a round tube with an internal diameter of 3.1 mm. From their experi-
mental data, the authors found that the local heat transfer coefficient was independent of
quality in the saturated boiling region as presented in Fig. (2.8). The strong influence of
heat flux on the local heat transfer coefficient up to vapor quality with negligible influence
of quality suggest that nucleate boiling was the dominant heat transfer mechanism and
that pure convective boiling did not exist for the range of parameters they investigated.



14 State of the Art Review

Figure 2.8: Flow boiling heat transfer results from Lazarek et al. [5]

Other researchers, Kew et al. [49], conducted flow boiling experiments of R141b in chan-
nels with internal diameters of 1.39, 2.87 and 3.69 mm. From their experimental flow
boiling results, the heat transfer coefficients for the 3.69 and 2.87 mm illustrate trends
similar to those observed in conventional macroscale channels. However, the trends are
less apparent for the smaller 1.39 mm channel where the heat transfer trend falls rapidly
at higher quality for the two values of mass flux tested. The authors then concluded that
the effect of confinement is significant in such that channels with confinement number,
Co > 0.5 is termed microscale channels and vice versa Co < 0.5 for macroscale channels.
For channels with Co < 0.5, they concluded without physical observation, however that
the boiling mechanism was predominantly nucleate as it showed a strong dependence on
heat flux but not on quality. Furthermore, their heat transfer coefficients are a function
of heat flux at low vapor quality, but the trend changes and becomes independent of heat
flux at higher vapor qualities. On the other hand, the authors also showed that the flow
regimes in small channels differed slightly from those observed in large channels which
are defined as: isolated bubble, confined bubble and annular-slug flow. In summary, they
also showed that established correlations developed for large tubes did not extrapolate
well to small tubes.

Continuing the earlier work of Kew et al. [49], Lin et al. [6] conducted another set of
flow boiling experiments with refrigerant R141B in circular tubes of 1.10, 1.80, 2.80 and
3.60 mm and a 2.0 x 2.0 mm square channel. From the experimental trends, the authors
concluded that flow boiling in small channels can be divided into a nucleate boiling domi-
nant region at low vapor quality range and a convective boiling dominant region at higher
vapor qualities. The heat transfer coefficient is observed to increase dramatically from
the single phase liquid coefficient to a peak vapor quality of x ≈ 0.05 - 0.1, corresponding
to confined slug flow. The heat transfer values in this region increase with heat flux for
all range of mass flux tested and this corresponds similarly to the nucleate boiling region
observed in large channels. However, the reduction of the heat transfer coefficient values
thereafter at higher vapor qualities differ from conventional macroscale theories. The
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authors explained that this might be due to a higher pressure gradient observed during
flow boiling in these small channels, with the nucleate boiling contribution expected to
decrease with reduced pressure as can be explained by Cooper correlation for pool boiling.
In the convective boiling region, the heat transfer coefficient is found to be independent of
heat flux but increases with increasing vapor quality. The local heat transfer coefficients
increase and converge at higher vapor qualities in the annular flow regime, suggesting
convective boiling dominance in this region. When the vapor quality approaches unity,
partial dryout is encountered and a significant drop in the heat transfer coefficient is
observed. This drove the authors to conclude that both nucleate and convective boiling
is dominant in small channels. Studies at higher confinement by Moriyama et al. [63],
i.e. Co > 10 concluded that evaporative heat transfer is predominantly convective by
conduction through a thin liquid layer of liquid on the heated surface.

(a)

(b)

Figure 2.9: Heat transfer results of Lin et al. [6] for R141b in the 1.10 mm channel, Co=1.1:
(a) G=365 kg/m2s and (b) G=505 kg/m2s.

Bao et al. [7] also studied flow boiling heat transfer experiments for R11 and HCFC123 in
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(a)

(b)

Figure 2.10: Heat transfer results of Lin et al. [6] for R141b in the 3.60 mm channel, Co=0.33:
(a) G=50 kg/m2s and (b) G=130 kg/m2s.

a smooth copper tube with an internal diameter of 1.95mm for different heat fluxes, mass
fluxes and system pressures. Referring to Fig. (2.11)a, the local heat transfer increases
with heat flux for both the refrigerants while the effect of mass flux and vapor quality
is small as shown in Fig. (2.11)b. Thus, the local heat transfer coefficient appeared to
be a strong function of heat flux and system pressure but minor effects of mass flux and
vapor quality for the range of parameters examined. Applying macroscale logic, they
thus suggested that the dominant heat transfer mechanism is via nucleate boiling while
convective boiling is insignificant.

Ohwaib et al. [8] performed flow boiling experiments of R134a in a uniformly heated
vertical microchannel with internal diameters of 1.70, 1.22 and 0.83 mm to investigate
channel effects on flow boiling heat transfer. From their experiments, the authors discov-
ered that the heat transfer coefficient is highly dependent on heat flux but only varies
slightly with mass flux and vapor quality, for values x < 0.60. They then concluded that
the contribution of forced convection heat transfer to the overall transfer rate is small
given the dominance of nucleate boiling. Finally, the authors also found that flow boiling
heat transfer coefficients are higher for smaller diameter channels as shown in Fig. (2.12).
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The higher heat transfer trend was also reported by Yan et al. [64] who found that the
flow boiling heat transfer coefficients obtained from their 2.0 mm channel were 30-80%
higher in value when compared to larger channels (Din > 8.0 mm) reported in the liter-
ature. Investigating further, Callizo et al. [65] performed similar flow boiling tests with
R134a in a vertical 640 µm channel with a heated length of 613 mm and observed that
the heat transfer coefficient increased with heat flux but did not change with quality
when x < 0.45 - 0.50. Increasing in quality, a decreasing heat transfer coefficient trend
was observed and the effects of heat flux diminished. The authors explained that the
drop in the heat transfer trend at higher qualities was due to the presence of intermittent
dryout with extreme wall temperature fluctuations downstream of the channel. On the
other hand, it was observed that the dependence of the heat transfer coefficients on vapor
quality shifted to lower values of x with increasing heat flux. The authors then arrived
to the conclusion that the local and averaged heat transfer coefficient is a strong function
of heat flux and is essentially independent of the mass flux for values of x < 0.5 for the
0.63 mm channel.

(a) (b)

Figure 2.11: Flow boiling heat transfer results of Bao et al. [7] for (a) Effects of heat flux and
(b) Effects of mass flux.
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Figure 2.12: Flow boiling results of Ohwaib et al. [8] for R134a at Tsat=34 oC.

Khodabandeh [9] conducted flow boiling experiments with isobutane in multichannel
evaporators with hydraulic diameters of 1.10, 1.50, 1.90, 2.50 and 3.50 mm to investigate
the effects of channel size, fluid properties, surface wall structures, heat flux, system
pressure, mass flux and channel length on the heat transfer coefficient in a thermosyphon
loop. From his experimental database, no clear trend on the influence of tube diameter on
heat transfer coefficient can be seen. Thus, the author hypothesized that the influence of
channel diameter on heat transfer is small or negligible as long as nucleate boiling remains
the dominant mechanism and a weak dependency of heat transfer coefficient on vapor
quality and mass flux is observed. The heat transfer coefficient is also observed to increase
with increasing system pressure and confirms the findings of other researchers. The
reported flow boiling heat transfer results for the various channel diameters is illustrated
in Fig. (2.13).

Figure 2.13: Experimental boiling heat transfer of Isobutane by Khobandeh [9].
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Fig. (2.14) shows the experimental flow boiling results of Saitoh et al. [66] for R134a in
a horizontal channel with internal diameters of 0.51, 1.12 and 3.10 mm channels. From
their results, all three channels showed strong effects of heat flux signifying the dominance
of nucleate boiling as concluded by the authors. On the issue of forced convective boiling,
the authors observed that the 3.10 mm channel exhibits the strongest effect of mass flux
on the heat transfer coefficient as compared with the 1.10 mm channel while surprisingly
less significant effect exist on mass flux for the 0.51 mm channel. The onset of dryout is
also observed to occur earlier in the lower vapor quality region with decreasing channel
diameter. The authors then established the conclusion that convective boiling dominance
effectively decreases with decreasing channel diameter.

Similar experiments were conducted by Consolini [10] on stable two-phase micro-channel
flows for R134a, R236fa and R245fa in a single microchannel with 0.51 and 0.79 mm
internal diameters. The tests gave clear indications as to the different parameters that
govern the heat transfer process in these small scale channels. The heat transfer coeffi-
cients for R134a and R236fa have shown a stronger dependency on heat flux compared
to R245fa which exhibits higher surface tension characteristics. At low vapor qualities,
the heat transfer coefficients are heat flux dependent but diminishes at the higher vapor
qualities converging monotonically at higher vapor quality regions. The heat transfer
results are shown in Fig. (2.15).

Figure 2.14: Heat and mass flux effects on the heat transfer coefficient for R134a in a: (a)
Din=3.10 mm, (b) Din=1.12 mm and (c) Din=0.51 mm channel.
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Figure 2.15: Heat transfer results comparison of Consolini [10] for (a) R236fa and (b) R134a
in the 0.51 mm channel at Tsat=31 oC with 4Tsub=2 K.

Review Summary

In summary, all the experimental work reviewed here showed significant effects of heat
flux on the heat transfer coefficient while the influence of forced convective boiling on
heat transfer is reported to be insignificant in small scale confined channels except for the
experimental results obtained by Lin et al. [6]. The increasing heat transfer trend in the
annular flow regime suggests that forced convection might still be dominant in confined
channels. On the other hand, there is no universal agreement among the researchers
reviewed here regarding the effect of channel size on the heat transfer coefficient, i.e.
when do these trends change from macroscale to microscale?. However, a tentative con-
clusion can be drawn on the dryout phenomena occurring at earlier vapor qualities when
confinement increases. The experimental data of Consolini [10] under stable two-phase
microchannel flows indicated the importance of the fluid properties on the flow boiling
heat transfer process in confined microscale channels. The heat transfer mechanisms
in microchannels are typically assumed to be similar to those in macrochannels, with
the exception of the appearance of the thin film evaporation mechanism of Jacobi and
Thome [52]. Furthermore, extrapolation of macroscale flow boiling methods to microscale
has been shown to not be very accurate.

2.4 Two-Phase Flow Patterns

Due to significant observed differences between the macroscale and microscale phase
change phenomena, it has been conclusively shown that applying or extrapolating two-
phase macroscale methods in heat transfer and flow maps to the microscale as ’unrealis-
tic’. In transiting from macroscale to microscale flows, gravity dominance is successively
overcome by surface tension forces and thus result in the gradual suppression of certain
macroscale flow regime. Two-phase flow pattern transitions do not occur abruptly but in
a gradual manner due to diminishing gravity forces when channel size decreases. While
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gravity plays an important role in the macroscale, it has less effect in the microscale
due to the contrasting effects of surface tension. Evidently, the gradual suppression of
one macroscale flow regime (stratified flow) and the convergence of the intermittent flow
regime (slug, plug and stratified wavy) into the elongated bubble regime in microscale
supports the idea of a macro-microscale transition in between. The state-of-the-art review
of two-phase flow patterns and flow patterns maps occurring in macroscale and microscale
channels is presented in the following sub-sections.

2.4.1 Macroscale Two-Phase Flow and Flow Maps

In general, the type of two-phase flow pattern observed in a channel depends on the
respective distribution of the different phases taking a particular configuration. Distin-
guishing criteria, such as the relative importance of various forces, e.g. inertia, viscosity,
buoyancy and surface tension effects, all play an important role concerning the motion
of the liquid and vapor phases flowing in the conduit. A schematic of evaporative flow
patterns occurring in a horizontal tube is illustrated in Fig. (2.16).

Figure 2.16: Illustration of the sequence of two-phase flow patterns during evaporation from
Collier and Thome [11].

Numerous studies concerning two-phase flow patterns in macroscale channels have been
published to date. The studies of two-phase flow pattern transitions have led to various
developments of flow pattern prediction maps occurring during diabatic and adiabatic
flow conditions in large channels. These include the adiabatic flow maps proposed by
Hewitt et al. [67], Baker [68], Taitel et al. [69] and diabatic flow pattern maps proposed
by Sato et al. [12], Kattan et al. [4] and Wojtan et al. [13].

Sato et al. [12, 70] for example investigated saturated flow boiling of water in a vertical
rectangular cross section of internal diameter 15×10 mm and with a heated length of
1000 mm. From their experimental observations, the flow patterns are classified into
bubbly, slug, slug−annular, annular and annular−bubbly flow. The authors arrived at
a general conclusion that the flow pattern transitions occur at lower quality as heat
flux, mass flux or the heated length increases. They explained that the reason for such
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transitions are qualitatively related to the bubble coalescence process and the effect of
the subcooled void being more pronounced than that of the saturated boiling length at
higher mass flux. The authors also concluded that flow pattern transitions occur faster
for smaller channels namely because the bubbles fill easier the channel and thus transition
occurs faster. Such tendency is perhaps obvious since the given heat per unit mass flow
per unit time 4qL/GD becomes larger and the amount of vapor generated increases for
smaller channels. Fig. (2.17) shows the flow pattern data of Sato et al. [12] for water with
transitions lines included.

Figure 2.17: Diabatic flow pattern map for flow boiling of water in a 15×10 mm channel from
Sato et al. [12] showing the transition lines.

Fig. (2.18) illustrates the flow pattern map proposed by Wojtan et al. [13] for evaporative
flows in horizontal channels. From experimental measurements and trends observed in
the dynamic void fraction, the stratified-wavy region has been modified from the Kat-
tan et al. [4] flow map and subdivided into three zones: slug, slug/stratified−wavy and
stratified−wavy. The intermittent-annular flow transition line has also been adjusted
for vapor qualities below xIA. The authors claimed that these modifications provided a
more accurate prediction of the flow regimes below Gwavy and significantly improved the
identification of the inception of the dryout phenomenon.

2.4.2 Microscale Two-Phase Flow and Flow Maps

This section presents a brief review emphasizing the numerous mini and microscale adia-
batic and diabatic two-phase flow pattern studies to date. For simplicity reasons, only se-
lected representative studies involving miniscale(mesoscale) and microscale flow patterns
will be discussed. Kawaji et al. [14] presented a comparative review of adiabatic two-phase
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Figure 2.18: Flow pattern map of Wojtan et al. [13] for R22 in the 13.84 mm channel at
Tsat=5 oC and G=100 kg/m2s.

flow patterns and suggested that two-phase flows in macrochannels and minichannels ap-
pear to exhibit morphological similarity. The author’s judgement is based on the work
done by Triplett et al. [50], Damianides et al. [71] and Fukano et al. [72]. Reviewing the
work done by Serizawa et al. [73], Kawahara et al. [74] and Chung et al. [75], the author
then pointed out the significant difference in the observed two-phase flow patterns unique
to microscannels. Schematics of minichannel and microchannel flow are illustrated in
Fig. (2.19). Here the use of the term "minichannels" is loosely given to flows thought to
be in the transition state between macroscale and microscale flow.

The pioneering work of Suo [15] involving gas-liquid two-phase flow pattern observations
in capillary tubes provided the first insight of the two-phase distribution in microscale
channels. The author conducted adiabatic two-phase experiments with air−water, water−nitrogen
and N2−heptane with nitrogen in channels with internal diameters of 1.03 and 1.60 mm
for capillary numbers of Ca=0 - 0.04. They concluded from their experimental obser-
vations that only three distinct flow patterns can be identified : bubbly−slug, slug and
annular flow. The flow pattern map proposed by Suo [15] as a function of capillary
number, Ca and volumetric quality is shown in Fig. (2.20).

A two-phase flow pattern study under microgravity conditions by Zhao et al. [76], Rezkallah
[77] and then later by Lowe et al. [78] concerned a 9.525 mm diameter channel. The
authors proposed a two-phase flow transition model for channels under microgravity con-
ditions based on various Weber numbers. The authors argued that inertia and surface
tension forces are the dominant forces as opposed to buoyancy for microgravity flows and
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(a) (b)

Figure 2.19: Illustration of the two-phase flow regimes from Kawaji et al. [14]; (a) Minichannel
flow patterns and (b) Microchannel flow patterns.

Figure 2.20: Flow pattern map of Suo [15].

thus used these new Weber numbers for the correlation of the flow regime transitions.
The proposed flow pattern map can be divided into three distinct zones, namely the sur-
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face tension dominated zones such as the bubbly and slug regimes, an inertia dominated
zone corresponding to the annular flow regime and a transition zone when both surface
tension and inertia forces exhibit comparable dominance.

Triplett et al. [50,79] investigated gas-liquid two-phase flow in circular and semi-triangular
cross section channels and proposed a graphical flow pattern map in terms of superficial
velocities. Five flow patterns were identified in their experiments : bubbly, slug, churn,
slug−annular and annular flows. The authors then compared their flow pattern map
against those of Suo [15] and Taitel et al. [69] (a macroscale map) with little success
but obtained better agreement when compared to experimental flow pattern maps of
Damianides et al. [71] and Fukano et al. [72].

Based on available adiabatic experimental flow pattern transition data, Akbar et al. [16]
examined the feasibility of a Weber number based flow pattern map following the method-
ology adopted by Lowe et al. [78] and Rezkallah [77]. The authors then proposed a flow
pattern map that is divided into four zones, namely surface tension dominated, annular,
froth and transition boundary zone. The recommended flow pattern transition lines are
represented by the following expressions:

1. The surface tension dominated zone:
by WeLS ≤3.0 and WeGS ≤0.11We0.315

LS

by WeLS >3.0 and WeGS ≤1.0

2. Annular flow (inertia dominated zone 1):
by WeLS ≥11We0.14

LS and WeGS ≤3.0

3. Dispersed flow (inertia dominated zone 2):
by WeLS >3.0 and WeGS >1.0

4. Transition zone (remaining space)

Fig. (2.21) illustrates the comparison of numerous flow pattern maps proposed by re-
searchers discussed earlier. The graph shows a general qualitative trend of a agreement
between the various map but a significant quantitative difference (remembering that the
maps are on a log−log scale). Also, they concluded that non-circular channels with sharp
corners might support somewhat different flow regimes and transition boundaries as com-
pared to near circular channels thus signifying the effects of channel shapes on flow regime
transitions.

Chen et al. [17] studied flow boiling heat transfer with R134a as the working fluid in a
vertical channel with 1.10, 2.01, 2.88 and 4.26 mm inner diameters for a pressure range
of 6−14.0 bar for different mass fluxes. From their experimental observations, the flow
patterns in the 2.80 and 4.26 mm channel did not exhibit common flow characteristics
encountered in small tubes. However, the 1.10 mm channel did show small scale flow
characteristics as reported in previous studies. The authors also arrived at the conclusion
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Figure 2.21: Flow pattern map comparison for circular and near-circular channels with Dh ≤1
mm from Akbar et al. [16].

that the transition boundaries of slug/churn and churn/annular flow shifts to higher vapor
qualities when channel diameter decreases. The flow transition boundaries for slug/churn
and churn/annular have also been observed to shift significantly to lower vapor qualities
as the mass flux increases, thus signifying the dependence of mass flux on flow regime
transitions. The study of Chen et al. [17] on the effect of channel diameter on flow pattern
transitions is thus in full contradiction with the results obtained from the condensation
study of Coleman et al. [80] and the flow evaporation study of Revellin et al. [24] for
R134a and R245fa in a 0.5 and 0.8 mm channel. Notably, the current experimental flow
patterns obtained and presented later in this thesis for the 1.03 mm channel, presented
also in Ong et al. [81] showed an expansion of the annular flow regime when channel
confinement increases, and not a decrease. Thus, nearly all small channel studies point
to an increased dominance of the annular flow regime at the expense of the others.

The flow regimes observed in the current experiments for the 1.03 mm channel are bubbly
flow with buoyancy effects, elongated bubble (slug) flow, churn, annular, and mist flow
at very high vapor qualities. No stratified flows were observed. On the other hand, the
CB/Annular transition of Revellin et al. [24] developed mainly for R134a did not work
as well for the fluids R236fa and R245fa as their map was only based on mass flux above
G = 350 kg/m2. Based on this new larger database for these three fluids in diameters
for 0.509 to 1.030 mm channels, their IB/CB and CB/Annular transition expression has
been modified to account for the effects of reduced pressure of these two refrigerants to
this larger channel. A simulation of the newly proposed IB/CB transition lines for R134a
and R236fa with internal diameters of 0.50, 0.80 and 1.03 mm is presented in Fig. (2.23).
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(a)

(b)

Figure 2.22: Vertical two-phase flow regimes from Chen et al. [17] at 10 bar for the (a) 1.10
mm and (b) 4.26 mm channel.
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Figure 2.23: Flow pattern map simulation for q=10.0kW/m2,Tsat=31 oC with Tsub=4 K for
(a) R134a and (b) R236fa.

Review Summary

In summary, two-phase flow regimes for macroscale, miniscale and microscale have been
observed and analyzed. It is clear from the studies of all the researchers discussed earlier
that the dominance of surface tension forces is more important in small scale channels,
gradually suppressing the gravity forces when channel size decreases. The fluid properties
also play an important role in the flow pattern transitions from one regime to another as
illustrated in Fig. (2.23). The suppression of the stratified flow regime and the conver-
gence of the macroscale intermittent flow regime into the elongated bubble flow regime
in microscale supports the idea of a macro-microscale transition in between. In ’true’
microchannel flow, the isolated and coalescing bubble regime is therefore gradually sup-
pressed, such as the annular flow region that spans over an ever wider range of vapor
quality before reaching the onset of dryout.

2.5 Two-Phase Pressure Drops

This section presents and discusses the experimental investigations on the variation of
frictional two-phase pressure drop as a function of mass flux, channel diameter, heated
length and saturation pressure. Bergles et al. [82] performed experimental flow boiling
tests with water to identify the importance of parameters affecting pressure drop in small
channels during highly subcooled boiling. The experimental results indicated that the
two-phase pressure drop is highly dependent on mass flux, the heated length, saturation
pressure and inlet subcooling. The authors then concluded that the two-phase pressure
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drop is directly proportional to mass flux and heated length but inversely proportional
to the tube diameter.

Revellin et al. [18], on the other hand performed adiabatic two-phase pressure drop mea-
surements for R134a and R245fa in a single microchannel of internal diameters, Din=0.509
and 0.790 mm. From their experimental observations, the authors concluded that the
two-phase pressure drop is inversely proportional to channel diameter and is directly pro-
portional to mass velocity. The frictional two-phase pressure drop was also observed to
decrease with saturation temperature. Finally, the authors concluded that the refrigerant
properties play an important role on the two-phase frictional pressure drop, with R245fa
registering a higher frictional pressure drop in comparison with R134a. The high relative
liquid-vapor phase density difference for R245fa together with the combined effect of this
fluids high viscosity explains the higher two-phase frictional pressure drop observed for
this fluid.

(a) (b)

(c) (d)

Figure 2.24: Experimental adiabatic two-phase pressure drop data of Revellin et al. [18] as
a function of: (a) channel diameter, (b) mass velocity, (c) fluid properties and (d) saturation
temperature.
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Pehlivan et al. [83] also investigated two-phase pressure drops and two-phase flow charac-
teristics of air/water in a single channel with diameters of 0.80, 1.00 and 3.00 mm. Their
pressure drop data were compared to prediction methods available in literature and the
authors concluded that the homogeneous [11] and Chisholm [84] method best predicted
their 0.80 and 1.00 mm data. The authors explained that their measurement errors in-
creased as the channel diameter decreased, leading to the conclusion that comparisons
with the homogeneous model lose its accuracy. This view is supported by Kandlikar [85]
who proposed that more accurate flow boiling pressure drop data as a function of qual-
ity, heat flux, mass flux and various channel dimensions are required to establish a clear
indication of two-phase pressure drops in mini and microscale channels.

The flow boiling pressure drop data of Tran et al. [86] for three refrigerants R134a, R12
and R113 in two round tubes of diameter 2.46 and 2.92 mm showed that two-phase
pressure drops increased with mass flux but decreased with increasing saturation. How-
ever, the results were not successfully predicted by state-of-the-art correlations available
in literature. They suggested the reason for the failure of conventional channel correla-
tions for their data as mainly due to the different flow behavior in these small channels.
The coalesced bubbles are confined, elongated and slide over the thin film with addi-
tional friction as they flow downstream as opposed in large tube flows where the bubbles
grow and flow along the tube without restrictions. The authors then proposed a new
correlation for two-phase frictional pressure drop that takes into account the effects of
surface tension and channel size. They claimed that the correlation is valid for smooth
channels for up to channel diameters of 3.00 mm for their refrigerants tested. Quibén
et al. [87] proposed the development of a new phenomenological two-phase pressure drop
model based on the local flow patterns using the Wojtan et al. [13] flow pattern map.
Revellin et al. [88] compared experimental frictional pressure drop database for smooth
tubes from literature and claimed that the model of Quibén et al. [87] and Grönnerud
et al. [89] displayed good prediction of the experimental data to within ±30% error band.

Review Summary

Numerous macro and microscale frictional pressure drop prediction methods have been
presented to date in literature. However, no universal pressure drop prediction methods
can be deemed reliable to predict two-phase pressure drops down to the microscale. A
review by Ribatski et al. [90] showed that one macroscale method by Müller-Steinhagen
et al. [91] and two microscale methods, namely homogeneous [11] and Mishima et al. [92]
best predicted their large experimental database obtained from the literature. Our cur-
rent pressure drop data for the Din=1.03, 2.20 and 3.04 mm for the three refrigerants
will be presented and compared with macroscale and microscale prediction methods in
Chapter 6 - Two-Phase Pressure Drops.
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2.6 Critical Heat Flux

The occurrence of critical heat flux, (CHF) is regarded as an undesirable condition that
cause results in overheating of a heated channel wall, in this case two-phase evaporators.
With progressive development in MEMs technology, the need to develop these high heat
flux dissipation technologies for microelectronics have become a challenging task. This
brings about the question on the effects of channel size and fluid properties on CHF.

Regarding CHF tests, Bergles et al. [19] experimentally investigated subcooled CHF for
flow boiling of water in channel diameters ranging from 0.30 − 2.70 mm for a wide range
of subcooling, mass flux, channel lengths and pressure. From the experiments, the authors
discovered that CHF increased by a factor of two when channel size decreased from 2.70
mm to 0.30 mm. CHF was also found to increase with increased subcooling and mass
flux in a non-linear fashion. However, CHF was found to be higher only for a heated
length with L/D ≤ 10 and weakly dependent on system pressure. Fig. (2.25) shows the
experimental CHF results and CHF predictions of Bergles et al. [19].

(a)

Figure 2.25: Channel diameter effect on CHF from Bergles [19].
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Celata and coworkers [93,94] also studied flow boiling of water in small diameter channels
and arrived at the same conclusion with increasing CHF for smaller channels. However,
they also observed that the CHF value increased with channel diameter until a threshold
value of Din=0.70 mm and then remained practically constant and independent of the
channel diameter. The authors claimed that this is due to a change in the critical boiling
mechanism, from liquid sublayer dryout for large channels to flooding of the vapor phase
in the entire channel. This flooding phenomena means actually the bubble confinement
which anticipates the CHF, which is an inverse function of the system pressure (size of
the bubble).

According to Bergles [21,95,96], the channel size effect on subcooled CHF is due to greater
influence on the bubble boundary layer in small scale channels, notably in transition from
miniscale to microscale channels. Bergles [21] concluded that as the L/D increases, the
CHF decreases and becoming independent on L/D > 30. The author also concluded
that CHF increases with decreasing channel size and with increasing mass flux, but the
effect becomes less significant for tube sizes above Din=5 mm. In miniscale channels,
the bubble boundary layer occupies a larger proportion of the cross-section, reaching
CHF only when the bubble boundary layer breaks down. As for microscale channels, the
bubbles agglomerate and fill the channel, reaching CHF when the liquid film between
the bubble and the wall ruptures. This CHF case is expected to be lower than of the
boundary layer case, due to the variation in nucleation and agglomeration of the bubble.
In this case, the hydrodynamic theory breaks down and this explains the attained lower
CHF values while the channel gap decreases.

(a)

Figure 2.26: Effect of sub-cooling and mass velocity on CHF from Kandlikar [20] with addi-
tional data from Bergles [21].

Nariai [22] conducted experiments to study the effect of tube diameter, tube length and
mass flux on CHF. The author found that CHF increases with a decrease in both the
channel diameter and length. At low mass flux however, both effects disappear for suffi-
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(a)

Figure 2.27: Effect of tube diameter on subcooled flow boiling CHF at high mass flux by
Nariai [22].

ciently high values of length and diameter. Fig. (2.27) illustrates the experimental CHF
results of Niriai [22] for water.

Roach et al. [97] experimentally studied CHF associated with flow boiling of sub-cooled
water in circular tubes of channel diameter Din=1.17 and 1.45mm with L/Din=110. The
authors observed that CHF increased with increasing channel diameter, mass flux and
pressure. Oh et al. [98], on the other hand conducted subatmospheric experiments with
water in a single rectangular aluminum heated channel. The CHF results were found to
increase with mass flux in an almost linear fashion. The authors also found the relation
between sub-cooling and CHF to be linear although the effect was not so significant.
Another researcher, Jiang et al. [43] conducted CHF studies with water in an array of
grooved microchannels of hydraulic diameter of Dh=40 µm. The authors found that the
CHF was a function of flow rate and increased linearly with an increase in the rate of
flow.

Regarding saturated CHF in small channels, a number of studies have investigated the
salient trends. For instance, Wojtan et al. [23] investigated saturated critical heat flux
for R134a and R245f in a single, uniformly heated microchannel with channel diameters
of 0.50 and 0.80 mm. The authors performed CHF tests for a wide range of conditions
to investigate the effects of mass flux, heated length, fluid properties, saturation temper-
ature and inlet subcooling. The authors observed a strong dependence of CHF on mass
velocity, channel diameter and heated length with no influence of small levels of inlet
liquid subcooling. In summary, the authors found the lowest CHF value for the smaller
0.50 mm channel, a higher CHF value corresponding to a shorter heated length, a slightly
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higher CHF value for higher saturation temperatures at high mass velocities and conclud-
ing that R245fa exhibited a higher CHF than R134a. Some of the experimental results
of Wojtan et al. [23] are depicted in Fig. (2.28).

(a) (b)

(c) (d)

Figure 2.28: Experimental CHF data of Wojtan et al. [23], (a)Effect of channel diameter,
(b)Effect of heated length, (c)Effect of saturation temperature and (d)Effect of working fluid.

Review Summary

Briefly summarizing, the subcooled CHF experimental results acquired by two indepen-
dent studies showed increasing CHF value with decreasing channel diameter and increas-
ing mass flux, Wojtan et al. [23] and others have reported decreasing CHF values with
decreasing channel diameters for saturated CHF conditions. For saturated CHF, to be
measured experimentally in this thesis, more data are required to investigate the macro-
microscale transition to see if there is such a transition or not.



Chapter 3

Experimental Test Facility and Data
Reduction Methods

This chapter describes the experimental test facility, the test section, the data reduc-
tion procedures and the instrumentation used for the present flow boiling experiments on
heat transfer, diabatic and adiabatic pressure drops, optical two-phase flow characteriza-
tions, high speed two-phase flow visualizations and liquid film thickness measurements.
This experimental campaign involves forced flow evaporation tests of R134a, R236fa and
R245fa in circular channels of 1.03, 2.20 and 3.04 mm inner diameters. The present
study serves to investigate the effects of channel size and fluid properties on flow boiling
heat transfer, both diabatic and adiabatic pressure drops, two-phase flow patterns and
an optical set-up to determine the bubble frequency, bubble velocity, bubble coalescence
rate and void fraction in these minichannels. The existing microchannel test rig at LTCM
has been modified from its original configuration and adapted to accommodate the new
minichannel two-phase flow boiling experiments.

The experimental facility has two operational modes: (i) the reservoir mode where the
flow is driven by pressure difference between the two temperature/pressure controlled
reservoirs, (ii) the pump mode to drive the refrigerant flow. The mode of operation for
the tests is selected based on the test condition, with the reservoir mode being used for low
mass velocity runs and the pump mode at higher mass flow runs. As discussed later in the
flow boiling heat transfer and two-phase pressure drop chapter, the experimental results
acquired using the pump and reservoir mode showed good agreement and repeatability.
The experimental data have been acquired with a data acquisition system of National
Instruments. An independent LabView 7.0 interface was developed for data acquisitions
and test condition regulation purposes. A detailed description of the test facility in both
operation modes is presented in the next sections of this chapter.

3.1 Test Facility Description

The entire microchannel test facility consists of two reservoir tanks connected to two sep-
arate 2 kW series RK-20KP LAUDA thermostats, a micromotion Elite CMF010 Coriolis
mass flow meter for mass flow rate measurements, a tube-in-tube heat exchanger to set

35
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the test section inlet subcooling, a Swagelok throttle valve to ensure stable two-phase
flow and mass flow regulation into the test section, a condenser, two separate Sorensen
power supplies for direct current heating, a condenser, a 60 µm filter, a tube annulus heat
exchanger for adequate pump inlet subcooling and a magnetic gear pump. A liquid phase
sensor is located immediately upstream of the micropump and the coriolis mass flow me-
ter to detect vapor flashing. If vapor presence is detected, the power supply to the test
section and the micropump is automatically terminated to avoid equipment damage and
test section burnout. As a precaution, a sight glass is installed upstream of the coriolis
mass flow meter and the test section inlet for visual inspection of the flow.

3.2 The Reservoir Loop

The schematic diagram of the test rig operating in the reservoir mode is shown in
Fig. (3.1). Before each test run, the pump is used to refill the refrigerant from the
cold reservoir into the hot reservoir. Once the recharging procedure is completed, the
two reservoirs are then isolated by closing the reservoir bypass valve and then leaving
the reservoirs to equilibrate to their respective temperatures, maintained by the separate
LAUDA thermostats. The hot reservoir is maintained at a higher temperature while the
latter cold reservoir is maintained at a lower temperature. The pressure difference be-
tween the two reservoirs then drives the refrigerant flow from the hot reservoir through
the test section and to the cold reservoir. For each increase in power input, the throt-
tle valve and the cold reservoir temperature is re-adjusted lower to obtain the desired
mass flow and set the evaporator outlet saturation condition. The reservoir mode is used
for low mass and heat flux tests as it delivers the advantage of rapid stabilization of
the experimental condition, i.e. flow boiling experiments in the Din=1.03 mm channel
for G=100-1000 kg/m2s and G=100-300 kg/m2s for the Din=2.20 and 3.04 mm chan-
nels. The pump mode of operation is selected for the remaining experimental runs, i.e.
G=1100-1500 kg/m2s for the Din=1.03 mm channel and G=400-1500 kg/m2s for the
Din=2.20 and 3.04 mm channels.

3.3 The Pump Loop

The test facility schematic of the test facility operating in the pump mode is shown in
Fig. (3.2). For the pump mode, the cold reservoir is connected to the main refrigerant
loop and maintained at the required saturation condition with a LAUDA thermostat.
A tube-in-tube chiller is installed at the pump inlet to ensure adequate refrigerant flow
subcooling to avoid cavitation in the pump. A pump outlet bypass valve is used to
regulate the refrigerant mass flow into the main test loop and to provide stable flow.
The pump is fastened onto the ground using four vibration dampers to dampen the
oscillations caused by the pump motor. Two vibration damping hoses are also each
mounted to the inlet and outlet of the pump to further suppress any possible oscillations
and thus providing the assurance of a fully stable flow. The heat exchanger before the test
section is used to subcool or preheat (depending on the test conditions) the refrigerant
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Figure 3.1: Schematic view of the experimental facility in reservoir mode.

before it enters the test section. Another test section preheater is then used to accurately
regulate the degree of subcooling of the fluid entering the evaporator. Exiting the test
section, the saturated liquid-vapor refrigerant flows into a condenser, where it is fully
condensed and filtered before re-entering the pump. For all the tests conditions, the
saturation temperature is regulated at the evaporator outlet. After each power increment
to the evaporator, the saturation temperature/pressure of the cold reservoir (with a -15
oC limit) has to be reduced to compensate for the heat input. However, the cold reservoir
is always maintained above atmospheric pressure to avoid any problem of air leakage into
the refrigerant loop as a precaution for all conditions. For R134a at high mass flux and
heat flux conditions, the cold reservoir will be gradually reduced for each gradual heat
input until reaching the -15 oC limit, corresponding to a saturation pressure of 1.639 bar.
However, the minimum cold reservoir temperature is higher for R236fa and R245fa due
to the lower saturation pressures of these two fluids, corresponding to 0 oC (1.0757 bar)
and 15 oC (1.0175 bar), respectively.

3.4 The Test Section

The test sections constructed for the flow boiling experiments are comprised of a preheater
and an evaporator, both constructed from the same thin wall AISI 304 stainless steel
tubing and a 100 mm long Borosilicate sight glass located at the channel exit for flow
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Figure 3.2: Schematic view of the experimental facility in pump mode.

visualization. The test sections are manufactured to assure precise alignment of the
preheater, evaporator and the sight glass to avoid inducing a flow disturbance. Two pairs
of copper electrodes are installed on the preheater and evaporator, connected to separate
Sorensen DC power supplies for electrical heating (direct current). The heated length
of the preheater is maintained at a length/diameter ratio of ≈ 50 while a ratio of ≈
180 is used for the evaporator. The preheater section is used to regulate the degree of
subcooling for the fluid entering the evaporator and to allow investigation of subcooling
on flow boiling heat transfer. The sight glass located downstream of the evaporator allows
adiabatic flow pattern visualizations. A 3-dimensional view of the test section is shown
in Fig. (3.3) and a schematic drawing is shown in Fig. (3.4).

3.4.1 Heat Transfer Measurements

Type K 250 µm thermocouples are used for the heat transfer measurements during the
experimental campaign. These thermocouples are sheated and prevent electrical contact
with the outside surface of the test sections. All thermocouples were calibrated in the lab
before use. The thermocouples are wall mounted, firmly attached to the wall with small
elastic O-rings for external wall temperature measurements. The size of O-rings used for
fastening the thermocouples have a internal diameter of 750 µm, 1.50 mm and 2.50 mm
respectively. Table 3.1 gives the relevant sectional lengths. The thermocouples along the
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heated channel length are positioned equally spaced apart, with 15 mm spacing for the
1.03 mm channel, 30 mm spacing for the 2.20 mm channel and 45.0 mm for the 3.04
mm channel. The first and last thermocouple are positioned at distinct positions away
from the electrodes to avoid wall temperature measurements becoming affected by axial
heat conduction. Additional thermocouples are attached to the wall of the adiabatic inlet
and outlet of the evaporator for fluid temperature measurements. Similarly another two
K-type 2 mm thermocouples are positioned at inlet and outlet of the test section, fully
immersed in the liquid for direct fluid temperature measurements. One wall thermocouple
is used for temperature measurement in each location for the 1.03 mm channel (at the
top) while two side wall mounted thermocouples are used for 2.20 and 3.04 mm channels.
Both the preheater and evaporator for all the test sections are thermally insulated by an
insulating layer of Aeroflex foam fully sealed to reduce natural convection heat losses to
the ambient. Single-phase experiments are performed to validate the test section and to
access longitudinal conductive and natural convective heat losses (discussed later).

Figure 3.3: A 3-dimensional view of the test section.
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Figure 3.4: Schematic of the test section configuration with instrumentation.

3.4.2 Pressure Drop Measurements

Two calibrated Keller piezoelectric absolute pressure transducers Series − 33X with a
range of 0-10 bar are placed at the test section inlet and outlet for saturation pressure
measurements. The test section outlet pressure transducer accuracy has also been verified
with the saturation value given by the test section outlet thermocouple in two-phase flows.
Another Keller differential pressure transducer SeriesPD− 39X with a range of 0-5 bar
is used to independently measure the pressure drop across the test section. The adiabatic
pressure drop across the sight glass is then evaluated from the saturation temperature
measurements at the evaporator outlet (Tev,outlet) and test section outlet (TTS,outlet). The
diabatic pressure drop for the evaporator is then evaluated by subtracting the single phase
pressure drop across the preheater. Refer to Fig. (3.4) for more detailed information.

3.4.3 Optical Measurement Technique

The optical measurement technique developed by Revellin et al. [99] has been imple-
mented for objective classification of two-phase flow patterns in these channels. The
setup consists of two low powered laser beams, with a power less than 1 mW , focused by
two separate lenses utilizing two micropositioning systems. The laser beams are directed
through the sight glass to two photodiodes located on the rear side of the glass channel.
For two-phase flow, the refractive index difference between liquid and vapor refracts the
laser beam’s angle of incidence, resulting in a drop in light intensity detected by the
photodiode, thus registering a lower voltage signal. The photodiodes at the opposite side
of the sight glass measure the light intensity via voltage signals acquired at a scan rate
of 10,000 Hz over 5 seconds. The laser beams and the photodiode are first calibrated in
full liquid flow before initiating two-phase flow visualization. Obtaining the Probability
Density Function (PDF) of the measured photodiode voltage signals in correspondence
with the flow regimes enable classification of the corresponding flow patterns and their
transitions. The results are discussed in further detail in Chapter 4.
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3.4.4 Flow Pattern Visualization

To complement the measurements acquired with the optical technique, flow visualization
videos are acquired through the use of a PHOTRON Ultima APX high speed, high
resolution camera. The camera is positioned at the inlet of the sight glass to acquire flow
regime videos directly at the exit of the evaporator at a rate of 4,000 to 10,000 fps for
mist flow.

3.4.5 Critical Heat Flux

A K-type 250 µm thermocouple is positioned at the top of the channel for critical heat flux
measurements, located just 1.0 mm from the evaporator outlet electrode. For consistency
reasons, the critical heat flux (CHF) criteria used by Revellin. [100] is adopted in this
current experimental campaign. The CHF criteria is assumed to be reached when the
wall superheat exceeds 40 K during small increments in heat flux. The supplied power to
the electrodes is automatically cut once the CHF criteria is reached to avoid test section
burnout.

3.4.6 Film Thickness Measurement

High speed images of the flow visualization videos were acquired through the use of a
PHOTRON Ultima APX high speed camera, positioned at the inlet of the sight glass.
A continuous halogen light source was positioned at the rear side of the sight glass at
mid-plane to provide sufficient background lighting for the high speed video acquisition.
A diffusive filter paper is positioned between the light source and sight glass to diffuse
the light source and to obtain a soft lighting effect. The high speed videos were acquired
at a rate of 4,000 fps and then post processed with a MATLAB image processing code
to detect the liquid-vapor bubble interface and compute the top and bottom liquid layer
film thickness in terms of the number of image pixels. The image processing technique is
presented later in Chapter 7.

Dint (mm) 1.03 2.20 3.04
Ldiabatic,ph (mm) 157.50 ± 0.1 201.10 ± 0.1 241.60 ± 0.1
Ladiabatic (mm) 140.5 ± 0.1 131.30 ± 0.1 149.50 ± 0.1
Levaporator (mm) 180.00 ± 0.1 381.00 ± 0.1 540.00 ± 0.1
Ltotal (mm) 478.00 713.40 931.10

Table 3.1: The test section diabatic and adiabatic lengths
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3.5 Data Reduction

The following subsections describe the thermal loss assessment and the data reduction
methods used in the evaluation of heat transfer and pressure drop measurements for the
experimental campaign.

3.5.1 Single-Phase Validation

Single-phase experiments were carried out on each test section prior to the boiling tests
to evaluate the thermal losses. The evaporator wall temperatures were kept below Tsat
in all single-phase tests to avoid subcooled boiling in the evaporator. The heat loss is
mainly due to axial conduction of heat at the inlet and outlet of the evaporator and
natural convective losses of heat to the ambient along the length to the test section. The
channel length was discretized into 10 individual sections to evaluate the local air-side
Nusselt numbers. The total heat losses are the sum of:

Qloss
∼= Qconvection +Qconduction (3.1)

The local external natural convection Nusselt numbers for each section were estimated
with the correlation proposed by Churchill et al. [101] while axial conduction losses were
estimated by evaluating the Biot number with the in-tube convection coefficient obtained
from the correlation of Gnielinski [26]. The heating efficiency, η and the axial conduction
losses are estimated by:

η = 1− εconduction − εconvection (3.2)

where
εconduction = Qconduction

4V I
(3.3)

εconvection = Qconvection

4V I
(3.4)

and 4V I is the Joule heating applied electrically by DC current.

εconduction = 2 cosh
√
Bi− 1√

Bi sinh
√
Bi

(3.5)

The natural convection losses are estimated by using:

Nu∞,1 =

0.60 + 0.387Ra1/6
D

[1 + (0.559
Pr

)9/16]8/27


2

forRaD ≤ 1012 (3.6)

where
RaD = gβ(Twall,ext − T∞)T 3

να
(3.7)

εconvection = πκ∞
4V I

10∑
i=1

Nu∞,1(Twall,in − T∞)4zi (3.8)
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The fluid temperature rise across the heated length provides the heat input into the
refrigerant flow, Qeffective calculated using

Qeffective = ṁCp(Tfluid,outlet − Tfluid,inlet) (3.9)

The measured Qeffective is compared with the heat input 4V I, and then readjusted to
account for the predicted heat losses due to conduction and convection. This allows the
estimation of the actual heat input to the fluid, Qeffective.

3.5.2 Inner Wall Temperature

The inner wall temperature Twall,in is back calculated from the measured wall temperature
Twall,out with the assumption of uniform heat generation in a one-dimensional cylindrical
geometry due to the electrical heating. The channel wall property is assumed to be
constant with uniform volumetric heat generation and a diabatic outer wall boundary
condition. The general solution for the temperature distribution in a radial system is
described by:

T (r) = −q
′′′

4κr
2 + C1 ln r + C2 (3.10)

Applying the boundary condition for the outer wall with outer radius, r = R gives

−κdT
dr
|R = h∞(TR − T∞) (3.11)

Substituting the equation into the general solution, it follows that

−q
′′′

2 R + C1κ

R
= h∞(T∞ − TR) (3.12)

Re-arranging the equation, the constants C1 and C2 are rewritten as

C1 = q
′′′

2κR
2 + h∞R

κ
(T∞ − TR) (3.13)

C2 = TR + q
′′′

4κR
2 −

[
q
′′′

2κR
2 + h∞R

κ
(T∞ − TR)

]
lnR (3.14)

The wall heat flux, q is then determined as

q = −κdT
dr
|r=R = − q

′′′

2R(R2 −R2
o) + h∞R

Ro

(TR − T∞) (3.15)

Simplifying, it follows that

q = − P

2πRoLev
+ h∞R

Ro

(TR − T∞) (3.16)
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3.5.3 Single-Phase Heat Transfer and Pressure Drop

For single-phase experiments with a uniform wall heat flux, the fluid temperature rise
along the evaporator is linear and thus can be determined from the inlet and outlet fluid
temperature measurements. Thus, the heat transfer coefficient for each thermocouple
location is determined from Newton’s law of cooling:

h = q

Twall,in − Tfluid
(3.17)

The single-pressure drop across the evaporator is calculated by subtracting the total
measured pressure loss with the calculated single-phase pressure drop across the preheater
and the adiabatic sight glass.

4Pev = 4Pdiff −4Psp,ph −4Psp,adb (3.18)

As the test section is fixed in a horizontal configuration, the effect of gravitational pressure
loss is nil and the general form for total single-phase pressure loss across the evaporator
is evaluated as:

4Pev = 4Pfr +4Psingular (3.19)

with the frictional pressure drop, Pfr being defined as:

4Pfr = −G
2

2ρl
4f Lev
Din

(3.20)

and

4Psing = −G
2

2ρl
ξ (3.21)

Rearranging the equations, the dimensionless form of the single-phase experimental pres-
sure loss is expressed as:

4Pev
2ρlDin

G2Lev
= 4f + ξ

Din

Lev
(3.22)

The single-phase pressure loss due to contraction and expansion at the inlet and outlet
manifold is accounted for by evaluating the single-phase loss coefficient ξ in laminar
flow tests, which is independent of the Re number but is a function of the geometry.
Multiplying the RHS by Re, the equation becomes:

4fRe+ ξ
Din

Lev
Re = a+ bRe (3.23)

where a = 4f and the constant term b = ξDin
Lev

. The results are then plotted against Re
to evaluate the singular pressure coefficient, allowing the Fanning friction factor to be
evaluated. The measured experimental friction factors are then compared to correlations
available from literature, which is discussed in further detail in Chapter 6.
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3.5.4 Two-Phase Heat Transfer and Pressure Drop

For flow boiling experiments, the liquid refrigerant enters the evaporator in a subcooled
condition with the subcooled length, Lsat evaluated by the following energy balance:

Lsat = ṁCp
qπDin

(Tsat − Tfluid,inlet) (3.24)

The saturation pressure, Psat is calculated by evaluating the single-phase pressure drop
across the preheater and the subcooled length from,

Psat = PTS,inlet −
G2

2ρl
4f Lsat + Lph

Din

(3.25)

The local fluid temperature in the subcooled region of the evaporator is evaluated via an
energy balance expressed as:

Tfluid = Tfluid,inlet + qπDinLsat
ṁCp

(3.26)

As for the saturated region, the fluid temperature is deduced from the local saturation
pressure with the assumption of a linear pressure drop for L > Lsat so that:

Psat(L) = Pev,outlet + Psat − Pev,outlet
Lsat − Lev

(L− Lev) (3.27)

and
Tfluid(L) = Tsat(Psat(L)) (3.28)

The thermodynamic vapor quality in the saturated region is expressed in terms of the
local enthalpy where H is the local enthalpy determined through the energy balance, HL

is the specific enthalpy of the saturated liquid and HLV is the latent heat of vaporization:

x = H −Hl

Hlv

(3.29)

The diabatic pressure drop consists of the single phase pressure loss for the subcooled
length and the saturated length. The diabatic pressure drop across the evaporator is
defined as

4Pdiabatic = PTS,inlet −
G2

2ρl
4f(Lph

Din

)− Pev,outlet (3.30)

while the adiabatic pressure drop across the sight glass is

4Padiabatic = 4Pdiff −
G2

2ρl
4f(Lph

Din

)−4Pdiabatic (3.31)

3.6 Experimental Uncertainties

This section describes the various terms and the methods used in the estimation of the
measurement uncertainties, the dominant source of error and the effects on the test re-
sults. As the uncertainty in a measurement has no definite value, the uncertainty in the
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measured result can take on different values, depending on the terms considered. This
uncertainty evaluation is referenced to the ASME Instruments and Apparatus Supple-
ments (PTC 19.1) [102] and to the ASME Performance Test Codes in accordance with
accepted practice. As the measurement consists of the combination of the true value
plus the total measurement error, the total measurement uncertainty is the combination
of the following two components, systematic uncertainty due to the uncertainty in the
measuring instrument itself and random uncertainty introduced by variations and scatter
in measurements. Hence, the sources of uncertainty in our measurement process are ar-
bitrary classified as: (i) calibration uncertainty, (ii) data acquisition uncertainty and (iii)
data reduction technique uncertainties. The estimation of uncertainty in the quantities
measured is firstly determined and propagated to produce the final uncertainty in the
results with propagation of errors theory. The general formula based on the first-order
Taylor series expansion of functions of many variables with independent and random
uncertainties σx,...,σz is

σ2
f = σ2

x(
∂f

∂x
)2 + σ2

y(
∂f

∂y
)2 + σ2

z(
∂f

∂z
)2 + ... (3.32)

and the total uncertainty is

σf ≤ σx|(
∂f

∂x
)|+ ...+ σz|(

∂f

∂z
)| (3.33)

The systematic uncertainty of the instrumentation is discussed in further detail in the
following sections.

3.6.1 Thermocouple Uncertainty

The thermocouple measurement uncertainty is estimated by considering the precision
thermometer’s systematic error and the standard errors from the linear least square curve
fitting method. The thermocouples are calibrated with a 2 oC temperature step from 20
to 60 oC in a constant thermal LAUDA bath with a ATP 4200 precision thermometer
equipped with two temperature reference probes. The calibration step is deliberately
chosen to yield reasonable data points to reduce the standard errors of the calibration.
All the thermocouples are connected to a NI-DAQ chassis SCXI-1000 with SCXI-1102
module slots and SCXI-1303 terminal block. The data are acquired at 5000 Hz and
the temperature is taken as the mean value of one hundred samples corresponding to
0.02 s. The standard deviation was used to calculate the uncertainties in reference to
Kline et al. [103] and Moffat [104, 105]. In all cases, the data are acquired only at a in
steady state condition, which is when the absolute mean temperature difference satisfies,
4Tmean < 0.002 K. The ATP 4200 precision thermometer has a reported systematic
error from the manufacturer specifications of 0.01 oC for a temperature operating range
from -200 oC up to +962 oC. The standard error of the thermocouples is computed
by evaluating the sum of the squares of the offsets "residuals", R2, for a set of N = 41
calibration step points. In theory from Weisstein [106], the sum of the squares of the
vertical deviations R2 of a set of N data points from a function f is shown in Eq. (3.35).
For the condition of R2 to be a minimum, the following has to be satisfied.

∂(R2)
∂ai

= 0 (3.34)



3.6. Experimental Uncertainties 47

for i = 1, ..., n. And for a linear fit of f(a, b) = a+ bx,

R2(a, b) ≡
n∑
i=1

[yi − a+ bxi]2 (3.35)

The sum of squares are then defined as SSxx, SSyy and SSxy:

SSxx =
n∑
i=1

(xi − x)2 (3.36)

SSyy =
n∑
i=1

(yi − y)2 (3.37)

SSxy =
n∑
i=1

(xi − x)(yi − y) (3.38)

The overall quality of the fit parameterized in terms of a quantity known as the correlation
coefficient, is defined as:

r2 =
SS2

xy

SSxxSSyy
(3.39)

The standard errors for a and b are then defined as:

SE(a) = s

√
1
n

+ x2

SSxx
(3.40)

SE(b) = s√
SSxx

(3.41)

The uncertainties of the set of 26 thermocouples used for flow boiling tests are shown in
3.2.

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13
δT (K) 0.07 0.04 0.04 0.04 0.06 0.05 0.07 0.07 0.05 0.06 0.05 0.04 0.06

T14 T15 T16 T17 T18 T19 T20 T21 T22 T23 T24 T25 T26
δT (K) 0.06 0.06 0.05 0.07 0.07 0.07 0.07 0.07 0.04 0.03 0.06 0.02 0.05

Table 3.2: Regression error of the thermocouples used in the current experiments.

For reasons of consistency, the highest uncertainty of ±0.07 K is used for all the ther-
mocouples when evaluating the wall temperature measurement uncertainties. Thus, the
total systematic uncertainty for wall temperature measurements is ±0.08 K by taking
into consideration of the ±0.01 K uncertainty of the reference probes used during the
calibration.
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3.6.2 Data Acquisition System Uncertainty

The voltage drop through the evaporator electrodes is directly measured with the NI-
SCXI 1102 module to an accuracy of 0.035% of the reading. Thus,

δ(4V ) = 0.000354V (3.42)

and the current is measured directly with a non-intrusive current probe with an accuracy
of

δ(I) = 0.01I + 0.03 (3.43)

3.6.3 Mass Flow Meter Uncertainty

The Micromotion Coriolis Mass Flow Meter (CMF010) specifies an instrument calibra-
tion accuracy of ± 0.044% of reading as the base accuracy and a zero stability value of
5.56× 10−7. Thus, the measured uncertainty of the mass flow rate is defined as:

δṁ

ṁ
= 0.00044 + 5.56× 10−7

ṁ
(3.44)

3.6.4 Absolute and Differential Pressure Transducers

As mentioned, two absolute and one differential pressure transducer are used for pressure
drop measurements. The test section inlet and outlet pressure is measured with 0-10 bar
absolute piezoelectric pressure transducers, positioned at the test section inlet and outlet.
The pressure taps are calibrated up to an accuracy of δ(P ) = 5 × 10−3 bar while the 0
- 5 bar differential pressure transducer used for independent pressure drop measurement
presents an uncertainty of δ(Pdiff ) = 10 × 10−3 bar obtained from the manufacturer’s
calibration certificate.

3.6.5 Channel Diameter and Heated Length

The stainless steel AISI 304 channels used in the tests are cold drawn and were acquired
from an ISO 9001/13485 certified manufacturer with precise dimensional accuracy. They
present superior concentricity on the channel OD and ID. The internal diameters of the
preheater and evaporator were measured with micrometer needle probes while a micro-
metric caliper was used to measure the external diameter. Both the measuring needle
and the caliper has an uncertainty of ± 10 µm. The channels were cut into 2 sections and
measurements were taken at all four ends. The exact heated length of the evaporator for
the three channel sizes was measured with a vernier caliper with an uncertainty of ± 100
µm.
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Dint (mm) Dext (mm) Lph (mm) Lev (mm)
1.030 ± 10 µm 1.200 ± 10 µm 50.00 ± 100 µm 180.00 ± 100 µm
2.200 ± 10 µm 2.400 ± 10 µm 110.00 ± 100 µm 396.00 ± 100 µm
3.040 ± 10 µm 3.190 ± 10 µm 150.00 ± 100 µm 540.00 ± 100 µm

Table 3.3: The uncertainties of the channel diameter and heated length

3.6.6 Surface Roughness

The surface roughness profile measurements for the Din=1.03, 2.20 and 3.04mm channels
were carried out using the non-contact, optical phase shifting and white light vertical
scanning interferometry technique. The WykoNT1100 optical profiling system with a
RMS repeatability of 0.1 nm was used for the high resolution 3-dimensional surface
profile measurements. For illustration purposes, in Fig. (3.5) a magnified image of the
open section of the Din=1.03 mm channel is shown on the left and the 3-dimensional
surface roughness profile is depicted on the right.

(a) (b)

Figure 3.5: A magnified image of the surface roughness for the Din=1.03 mm channel.
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The surface roughness for the three channels corresponding to the root mean square
(RMS) values are illustrated in Table 3.4.

Dint (mm) Surface roughness (nm)
1.03 595.85
2.20 826.99
3.04 796.81

Table 3.4: The root mean square values of the surface roughness.

3.6.7 Fluid Property Regression

The refrigerant physical properties are calculated by applying a linear regression to the
third order polynomial of the temperature referenced to the NIST Reference Fluid Ther-
modynamic and Transport Properties Database (REFPROP): Version 8. The general
equation is:

φ = a0 + a1T + a2T
2 + a3T

3 (3.45)

while the corresponding error is taken as in Eq. (3.46)

δφ = [a1 + 2a2T + 3a3T
2]δT (3.46)

3.6.8 Random Uncertainties

The random uncertainty is introduced by the scatter and variation in repeated measure-
ments of the parameter. The experimental data are acquired with the use of National
Instruments DAQs at an acquisition rate of 5000Hz. The values of one hundred measured
samples, corresponding to 0.02 s are averaged to yield a mean value. The appropriate
standard deviation of the mean, Sx, for the current measurement is written as:

Sx = Sx√
N

(3.47)

while the random uncertainty sources of N = 60 finite sets of mean sample measurements
corresponding to 1.20 s are estimated as 2Sx, which is a 95% confidence estimate of the
effect on the average particular random uncertainty source. All the experimental data
are carefully acquired in steady state conditions with no notable temperature or pressure
oscillations or drifts being present. The uncertainty sources are grouped and then root-
sum-squared to obtain a 95% confidence uncertainty in harmony with the ISO Guide
from:

U = [B2 + (2Sx)2]1/2 (3.48)
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3.6.9 Total Measurement Uncertainties

The total uncertainty in the measurements is thus the combination of uncertainties due
to systematic and random error, propagated to the result through the functional rela-
tionship between the results and the parameters. The effect of the measured quantities
on the uncertainties for the mass velocity, heating efficiency, heat flux, local saturation
pressure, vapor quality, pressure drop and the heat transfer coefficient have been evalu-
ated accordingly by standard error propagation as shown below. The corresponding fluid
parameter uncertainties, i.e. liquid enthalpy, latent heat and viscosity are evaluated from
the general form using Eq. (3.46). Thus,

Mass Flux

δG = G

√√√√(δṁ
m

)2

+
(

2δDin

Din

)2

(3.49)

Heat Flux

δq = q

√√√√(δI
I

)2

+
(
δ(4V )
4V

)2

+
(
δDin

Din

)2

+
(
δLev
Lev

)2

(3.50)

Saturation Length

δLsat = ∂Lsat
∂G

δG+ ∂Lsat
∂Din

δDin + ∂Lsat
∂q

δq + ∂Lsat
∂Tinlet

δTinlet + ∂Lsat
∂Tsat

dTsat
dPsat

δPsat (3.51)

Saturation Pressure

δPsat = ∂Psat
∂PTS,inlet

δPTS,inlet + ∂Psat
∂G

δG+ ∂Psat
∂Din

δDin + ∂Psat
∂Lsat

δLsat + ∂Psat
∂ρl

δρl + ∂Lsat
∂µl

δµl

(3.52)

Local Pressure

δP =

√√√√( ∂P

∂Psat
δPsat

)2

+
(
∂P

∂Lsat
δLsat

)2

+
(

∂P
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δPTS,outlet

)2

+
(
∂P

∂L
δL

)2

+
(
∂P
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)2

(3.53)

Local Enthalpy

δH =

√√√√(∂H
∂q

δq

)2

+
(
∂H

∂G
δG

)2

+
(
∂H

∂Din

δDin

)2

+
(
∂H

∂L
δL

)2

+
(

∂H

∂Hinlet

δHinlet

)2

(3.54)
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Vapor Quality

δx =

√√√√( ∂x
∂H

δH

)2

+
(
∂x

∂Hl

δHl

)2

+
(
∂x

∂Hlv

δHlv

)2

(3.55)

Finally, the uncertainty on the local heat transfer coefficient, h is evaluated as:

δh = h

√√√√(δq
q

)2

+
(
δ (Tw − Tf )
Tw − Tf

)2

(3.56)

The range of uncertainties on the mass velocity, heat flux, saturation temperature, vapor
quality and heat transfer coefficients for the Din=1.03, 2.20 and 3.04 mm channels have
been evaluated through propagation of error and is presented in Table 3.5.

Dint =1.03 mm R134a R236fa R245fa
G (kg/m2s) ± 1− 2 % ± 1− 2 % ± 1− 2 %
q (kW/m2) ± 1.6− 2.6 % ± 1.5− 2.2 % ± 1.8− 2.8 %
Tsat (K) ± 0.1 K ± 0.1 K ± 0.1 K
x (−) ± 3 % ± 2.8 % ± 2.7 %
Din (mm) ± 1 % ± 1 % ± 1 %
h (kW/m2K) ± 2.8− 5.6 % ± 3.6− 5.8 % ± 3.5− 6.0 %

Dint =2.20 mm R134a R236fa R245fa
G (kg/m2s) ± 1− 2 % ± 1− 2 % ± 1− 2 %
q (kW/m2) ± 1.3− 2.4 % ± 1.4− 2.1 % ± 1.5− 2.6 %
Tsat (K) ± 0.1 K ± 0.1 K ± 0.1 K
x (−) ± 2.6 % ± 2.5 % ± 2.5 %
Din (mm) ± 0.5 % ± 0.5 % ± 0.5 %
h (kW/m2K) ± 2.2− 4.8 % ± 2.8− 4.9 % ± 2.8− 5.1 %

Dint =3.04 mm R134a R236fa R245fa
G (kg/m2s) ± 1− 1.8 % ± 1− 1.8 % ± 1− 1.8 %
q (kW/m2) ± 1.3− 2.3 % ± 1.5− 2.1 % ± 1.4− 2.5 %
Tsat (K) ± 0.1 K ± 0.1 K ± 0.1 K
x (−) ± 2.6 % ± 2.3 % ± 2.2 %
Din (mm) ± 0.4 % ± 0.4 % ± 0.4 %
h (kW/m2K) ± 2.8− 4.7 % ± 2.6− 4.8 % ± 2.4− 5.2 %

Table 3.5: Uncertainty range for the Din=1.03, 2.20 and 3.04 mm channels.



Chapter 4

Two-Phase Flow Patterns

4.1 Experimental Procedure

The experimental two-phase flow patterns in this study have been objectively classified
with the use of a photodiode laser signal system discussed earlier in Chapter 3, as op-
posed to the classification of flow patterns only on the basis of visual observation as often
reported in literature. The laser photodiode signals were acquired at 10,000 Hz during
steady state conditions and post-processed to determine the flow pattern present. Prob-
ability Density Function (PDF) analysis of the laser signals describe the density of the
probability at each point in the signal sample space, thus enabling the respective classi-
fication of two-phase flow patterns. The PDF analysis of laser signals from Photodiode
1, located immediately at the inlet of the sight glass (near the exit of the evaporator
test section) is used to identify and classify the two-phase flow patterns occurring in the
channel. The flow regimes have been verified by flow visualizations using a high speed
camera, acquired simultaneously with the laser signals. As an example, representative
photodiode signals and PDF plots for the Din=1.03 mm are shown in Fig. (4.1).

4.2 Two-Phase Flow Patterns

In this experimental study, a wide range of test conditions have been performed to study
the effects of confinement, fluid properties, mass flux and saturation temperature on two-
phase flow patterns. In this section, a selection of flow pattern images from the study
will be shown.

Four distinct flow patterns similar to experimental observations reported by Revellin et
al. [24] have been observed for the Din=1.03 mm channel for all the three fluids tested,
namely: a) Isolated bubble , b) Coalescing bubble, c) Wavy-annular and d) Smooth-
annular flow. For simplicity reasons, the wavy-annular and smooth-annular flow have
been classified together as one flow regime, annular flow. Fig. (4.2) illustrates in sequence
the two-phase flow patterns observed as a function of heat flux and vapor quality for
R236fa in the Din=1.03 mm channel for Co=0.83.

53
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Figure 4.1: Probability Density Function for R236fa in the Din=1.03 mm channel at Tsat=31
oC, G=200 kg/m2s and Tin=27 oC; (a) Isolate bubble, (b) Coalescing bubble, (c) Wavy-annular,
(d) Smooth-annular flow, (e) Isolate bubble PDF, (f) Coalescing bubble PDF, (g) Wavy-annular
PDF and (h) Smooth-annular flow PDF.
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(a) (b)

(c) (d)

Figure 4.2: Flow patterns observed for R236fa in the Din=1.03 mm channel at Tsat=31 oC,
G=201 kg/m2s, Tin=27 oC and Co=0.85; (a) q=2.95 kW/m2, x=0.034 (b) q=9.6 kW/m2,
x=0.21, (c) q=20.1 kW/m2, x=0.48 and (d) q=37.5 kW/m2, x=0.92.

For the Din=3.04 mm channel, two distinct macroscale flow patterns, namely plug/slug
and coalescing bubble(intermittent flow), have been observed for all the three fluids tested
for confinement numbers ranging from Co=0.27 - 0.34. The flow patterns observed for
this larger channel are classified as follows: a) Slug/Plug, b) Coalescing bubble, c) Wavy-
annular and d) Smooth-annular flow as illustrated in Fig. (4.3). The plug/slug flow
constitutes a long vapor bubble separated by liquid plugs that exhibit strong buoyancy
effects and a thick stratified layer of liquid at the bottom. Increasing the vapor quality, the
flow transitions to coalescing bubble flow (also termed intermittent flow) when the flow
becomes more chaotic undergoing coalescence. Vapor bubbles were entrained in the liquid
film surrounding the channel wall. The big and small vapor bubbles violently coalesce
and no clear interface between the liquid and vapor can be seen. Upon full coalescence of
the vapor bubbles, coalescing bubble flow transitions occur to wavy-annular and subse-
quently smooth annular flow. The wavy-annular flow is also called churn-annular flow in
macroscale terms. As mentioned previously, the wavy-annular and smooth-annular flow
regimes have been grouped together as annular flow.

Comparing the flow patterns shown in Fig. (4.2) and Fig. (4.3), it is evident that gravity
dominance gradually decreased while surface tension forces gain dominance when channel
confinement increases, as reflected in the confinement numbers. In the isolated bubble
flow regime, the vapor bubble diameter is approximately the same size as the channel
diameter. The vapor bubbles exhibit a characteristic hemispherical cap separated by liq-
uid slugs between the head and tail while an equally thin layer of liquid film surrounds
the periphery of the bubble. The plug/slug flow regime on the other hand showed strong
buoyancy effects, with the large vapor bubble at the top portion of the channel and a
thick layer of stratified liquid film at the bottom of the channel. The liquid-vapor inter-
face can be smooth or wavy depending on the mass velocity and fluid properties of the
fluid. As the surface tension forces increase, the liquid-vapor interface becomes smoother
and flow becomes less turbulent. The flow structures are illustrated in Fig. (4.2)a and
Fig. (4.2)b and Fig. (4.3)a and Fig. (4.3)b for R236fa in the Din=1.03 and 3.04 mm
channels, respectively. The onset of coalescence also tends to occur earlier for R245fa
and R236fa due to the higher surface tension properties of the fluids in comparison with
R134a.
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(a) (b)

(c) (d)

Figure 4.3: Flow patterns observed for R236fa in the Din=3.04 mm channel at Tsat=31 oC,
G=405 kg/m2s, Tin=27 oC and Co=0.28; (a) q=7.9 kW/m2, x=0.051 (b) q=12.1 kW/m2,
x=0.103, (c) q=29.1 kW/m2, x=0.314 and (d) q=63.8 kW/m2, x=0.74

Fig. (4.4)a and Fig. (4.4)b depicts the isolated bubble(IB) regime for R134a in the
Din=2.20 mm channel and the slug/plug (S-P) regime for the Din=3.04 mm channel
is shown in Fig. (4.5)a and Fig. (4.5)b.

(a) (b) (c)

(d) (e) (f)

Figure 4.4: Flow patterns for R134a, Din=2.20 mm channel at Tsat=31 oC, G=307 kg/m2s,
Tin=27 oC and Co=0.37; (a) q=3.5 kW/m2, x=0.013 (b) q=5.2 kW/m2, x=0.033, (c) q=9.4
kW/m2, x=0.094, (d) q=19.0 kW/m2, x=0.19, (e) q=36.0 kW/m2, x=0.44 and (f)q=65.7
kW/m2, x=0.81.

Similar flow patterns are observed also for the two other fluids tested, and the flow
patterns for R245fa is shown in Fig. (4.6)a and Fig. (4.6)b for isolated bubble(IB) and



4.2. Two-Phase Flow Patterns 57

(a) (b) (c)

(d)

Figure 4.5: Flow patterns for R134a, Din=3.04 mm channel at Tsat=31 oC, G=299 kg/m2s,
Tin=27 oC and Co=0.27; (a) q=6.6 kW/m2, x=0.05, (b) q=21.4 kW/m2, x=0.258, (c) q=34.7
kW/m2, x=0.44 and (d) q=60.4 kW/m2, x=0.80.

(a) (b) (c)

(d) (e)

Figure 4.6: Flow patterns for R245fa, Din=2.20 mm channel at Tsat=31 oC, G=302 kg/m2s,
Tin=27 oC and Co=0.46; (a) q=4.3 kW/m2, x=0.014 (b) q=6.04 kW/m2, x=0.03, (c) q=11.0
kW/m2, x=0.09, (d) q=17.7 kW/m2, x=0.18 and (e) q=56.7 kW/m2, x=0.74.

Fig. (4.7)a for slug/plug flow.

4.2.1 Effects of Mass Velocity

Fig. (4.7) and Fig. (4.8) illustrate the two-phase flow structure of R245fa in the Din=3.04
mm channel for G=298 and 602 kg/m2s. From the images, it is observed that the tran-
sition from slug/plug(S-P) to coalescing bubble(CB) flow occurs earlier when increasing
the mass velocity. The S-P/CB transition for R245fa at G=298 kg/m2s occurs at a vapor
quality of x=0.11 while instead at x=0.038 for G=602 kg/m2s.
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(a) (b) (c)

(d) (e)

Figure 4.7: Flow patterns for R245fa, Din=3.04 mm channel at Tsat=31 oC, G=298 kg/m2s,
Tin=27 oC and Co=0.34; (a) q=7.0 kW/m2, x=0.058 (b) q=11.2 kW/m2, x=0.11, (c) q=16.3
kW/m2, x=0.17, (d) q=27.9 kW/m2, x=0.314 and (e) q=62.3 kW/m2, x=0.75.

4.3 Experimental Flow Pattern Transitions

This section presents the experimental flow pattern data and ′experimental′ transition
lines for the channels and fluids tested. From the experiments, the flow pattern transi-
tion lines have been found to be a function of mass flux, channel confinement, saturation
temperature and fluid properties. The experimental flow patterns observed for R236fa in
the Din=1.03 channel and R134a in the Din=2.20 and 3.04 mm channels are shown in
Fig. (4.9), Fig. (4.10) and Fig. (4.11). Referring to the figures, the vapor quality corre-
sponding to flow pattern transition tends to decrease as the mass velocity increases. This

(a) (b) (c)

(d)

Figure 4.8: Flow patterns for R245fa, Din=3.04 mm channel at Tsat=31 oC, G=602 kg/m2s,
Tin=27 oC and Co=0.34; (a) q=10.7 kW/m2, x=0.038 (b) q=15.5 kW/m2, x=0.06, (c) q=27.4
kW/m2, x=0.13 and (d) q=82.3 kW/m2, x=0.46.
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phenomenon was observed for all the channels and the fluids tested. Slug/plug flow was
observed at low mass velocities in the Din=3.04 mm channel where a direct transition to
annular flow is seen. Increasing the mass velocity, the slug/plug regime is gradually sup-
pressed and the coalescing bubble flow dominates. It has been experimentally observed
that one macroscale flow regime, i.e. the slug-plug flow being present in the Din=3.04
mm channel was completely suppressed for the smaller Din=1.03 and 2.20 mm channel
as channel confinement increases.

Figure 4.9: Experimental flow pattern transition lines for R236fa, Din=1.03 mm channel at
Tsat=31 oC, Tin=27 oC and Co=0.83.
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Figure 4.10: Experimental flow pattern transition lines for R134a, Din=2.20 mm channel at
Tsat=31 oC, Tin=27 oC and Co=0.36.

Figure 4.11: Experimental flow pattern transition lines for R134a, Din=3.04 mm channel at
Tsat=31 oC, Tin=27 oC and Co=0.27.
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4.3.1 Effects of Channel Confinement

The effect of channel size on two-phase flow pattern transitions is presented in this section.
Fig. (4.12)(a),(b) presents the flow pattern transition lines for R134a in the Din=0.50,
0.80, 1.03, 2.20 and 3.04 mm channels corresponding to a confinement number range of
Co=0.27-1.61 (the Din=0.50 and 0.80 mm data are taken from Revellin [24]). Referring
to Fig. (4.12)(a), the CB/A transition for R134a in the Din=0.50 mm (Co=1.61) channel
occurs earlier than the Din=0.80mm channel (Co=1.01) and similar to the Din=1.03mm
channel (Co=0.78). When channel size decreases, the vapor bubbles quickly grow and
coalesce to fill the channel cross section, expanding downstream as compared to larger
channels, resulting in the expansion of the regimes. The CB/A transition is reached
when inertia force dominate over the surface tension force, promoting coalescence to form
a continuous vapor core and liquid film around the periphery of the channel. However, an
opposite trend was observed when comparing the CB/A transition for the Din=1.03 mm
(Co=0.78) and Din=2.20 mm channel (Co=0.36), with earlier transition to annular flow
occurring for the larger Din=2.20 mm channel (Co=0.36). This earlier CB/A transition
trend was also observed for the Din=3.04 mm channel (Co=0.27). Similar trends were
observed for R236fa and R245fa as shown in Fig. (4.13). The horizontal red line in the
flow pattern map for the Din= 3.04 mm channel refers to the threshold for flow pattern
transition from Slug-Plug flow to annular flow. Above this horizontal red line, the flow
pattern transits from slug-plug flow to coalescing bubble flow before the transition to the
annular flow regime at higher vapor qualities.

The earlier CB/A transition for the Din=2.20 mm (Co=0.36) and 3.04 mm channels
(Co=0.27) is associated to the less dominant surface tension forces and the presence of
small bubbles in the larger channels. In this case, the lower surface tension dominance
compared to inertia reduces the ability of the flow to keep the liquid slug holdup between
the vapor bubbles and thus promotes an earlier transition from CB/A. This CB/A transi-
tion boundary separates the surface tension dominated regime (IB and S-P) and the shear
dominated regimes (A) when shear forces gain dominance. Increasing the mass velocity,
the annular flow gradually expands and spans over a wider range of vapor qualities, at
the expense of the gradually diminishing sizes of IB and CB regimes.
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Figure 4.12: Flow pattern transition lines for R134a, Tsat=31 oC and Tin=27 oC; (a)Din=0.50,
0.80, 1.03 and 2.20 mm and (b) Din=2.20 and 3.04 mm. (The symbols represent the transition
lines observed in the database and not the data points)
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Figure 4.13: Flow pattern transition lines for R236fa and R245fa at Tsat=31 oC and Tin=27
oC; (a) R236fa and (b) R245fa. (The symbols represent the transition lines observed in the
database and not the data points)
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Fig. (4.14) to Fig. (4.16) illustrate the comparison of superficial velocities (often used
in other older maps) of our current work for the three channels and working fluids.
The superficial velocity plots all illustrate an increasing superficial vapor velocity for
the CB/A transition when channel size decreases. This trend also agrees with those by
Yang et al. [25], Damianides [71] and Bousman [107]. Yang [25] observed a shift in the
slug to annular transition to a lower value of gas velocity when changing the working
fluid from the high surface tension air-water to the lower surface tension R134a. This
is also consistent with the observations by Diamianides [71], who concluded that smaller
tubes require a larger gas flow to transit from intermittent to annular flow.The IB/CB
transition lines also indicate similar trends, with decreasing superficial vapor velocity
for larger channels. The IB/CB transition however is due to the bubble coalescence
process where the surface tension and inertia forces plays a very important role. The
same trend was also observed for the IB/CB flow pattern transition line for the Din=2.20
mm (Co=0.36) and 3.04 mm (Co=0.27) channels but was not clearly visible for the
Din=0.50 mm (Co=1.61) and Din=0.80 mm (Co=1.01) channel at high mass velocities.
As explained by Taitel et al. [69], the shear force at higher mass velocities will cause a wavy
liquid-vapor interface. The inertia forces will eventually dominate and the transition to
annular flow will be independent of channel confinement, as observed in the experimental
flow pattern results.

In general, for a given value of superficial liquid velocity, the flow pattern transition from
IB/CB and CB/A shifts to higher superficial vapor velocity when channel confinement
increases. As for the Din=3.04 mm channel, the S-P/A transition line is also observed to
shift to higher superficial vapor velocities when channel confinement increases, as shown
in Fig. (4.14)c, Fig. (4.15)c and Fig. (4.16)c.

While not shown here, the superficial velocity type of map proposed by Tripplet [50, 79]
for air-water flows does not work well for these refrigerants in channels of Din=1.0 to 3.0
mm, as was already stated by Revellin [24] for his Din=0.5 to 0.8 mm data.
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Figure 4.14: R134a flow patterns and transition lines with superficial phase velocities as
coordinates for Tsat=31 oC and Tin=27 oC; (a) Din=1.03 mm, Co=0.78, (b) Din=2.20 mm,
Co=0.36 and (c) Din=3.04 mm, Co=0.27.
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Figure 4.15: R236fa flow patterns and transition lines with superficial phase velocities as
coordinates for Tsat=31 oC and Tin=27 oC; (a) Din=1.03 mm, Co=0.83, (b) Din=2.20 mm,
Co=0.39 and (c) Din=3.04 mm, Co=0.28.
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Figure 4.16: R245fa flow patterns and transition lines with superficial phase velocities as
coordinates for Tsat=31 oC and Tin=27 oC; (a) Din=1.03 mm, Co=0.99, (b) Din=2.20 mm,
Co=0.46 and (c) Din=3.04 mm, Co=0.34.
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4.3.2 Effects of Fluid Properties

The effects of the working fluid on two-phase flow pattern transitions are shown in
Fig. (4.17). It is observed that R245fa yields the lowest IB/CB and CB/A vapor quality
transition, followed by R236fa and then R134a. At saturation temperature Tsat=31oC,
the surface tension of R245fa exceeds the value of R134a by over 80% while R236fa yields
a surface tension value at an intermediate level with respect to the two other fluids.
R245fa is also the most viscous fluid, by over +100% when compared to R134a. The va-
por density of R245fa is also lower than that of R134a by over 70%, resulting in increased
degree of expansion of the vapor phase during phase change.

Comparing Fig. (4.18)a and Fig. (4.18)b, the superficial Weber number for CB/A tran-
sition appears to be the highest for R134a, followed by R236fa and the lowest R245fa.
The same trend is also observed for the larger channel, as depicted in Fig. (4.19) for the
larger Din=2.20 mm channel. According to Tabatabai et al. [108], the transition criterion
between surface tension/shear dominated regime can be expressed in terms of force per
unit length of the flow regime for the surface tension, shear and buoyancy forces. For
surface tension dominant flows:

|Fσ| > |Fshear|+ |Fbuoyancy| (4.1)

The surface tension force is a function of the void fraction and gradually decreases with
increasing void fraction. The surface tension per unit length is defined as:

|Fσ/Lbubble| = 2σ(1− α)0.5 (4.2)

while
|Fshear/Lbubble| = (πDbubbleα)(fl)(

ρlu
2
l

4 ) (4.3)

where fl is the liquid phase Reynolds number as a function of liquid fraction. The
buoyancy force per unit length is defined as:

|Fbuoyancy/Lbubble| = g(ρl − ρv)Av (4.4)

and Av represents the vapor phase area.

As void fraction increases during evaporation, the surface tension force is gradually sup-
pressed while the shear force gradually increases. The high relative liquid-vapor phase
density difference of R245fa together with the combined effect of this fluids high viscos-
ity explains flow pattern transitions occurring at lower Weber numbers and superficial
velocities in these miniscale channels.
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Figure 4.17: Flow patterns and transition lines for R134a, R236fa and R245fa at Tsat=31
oC and Tin=27 oC; (a) Din=1.03 mm and (b) Din=2.20 mm. (The symbols represent the
transition lines observed in the database and not the data points)
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Figure 4.18: Flow patterns transition lines based on superficial Weber numbers in the
Din=1.03 mm, Tsat=31 oC; (a) R134a, (b) R245fa.



4.3. Experimental Flow Pattern Transitions 71

10
−1

10
0

10
1

10
2

10
3

10
4

10
510

−3

10
−2

10
−1

10
0

10
1

10
2

10
3

10
4

Superficial liquid Weber number

S
u

p
er

fi
ci

al
 v

ap
o

r 
W

eb
er

 n
u

m
b

er

R134a, D=2.20mm, T
sat

=31oC

 

 

Isolated bubble
Coalescing bubble
Annular

(a)

10
−1

10
0

10
1

10
2

10
3

10
410

−3

10
−2

10
−1

10
0

10
1

10
2

10
3

10
4

Superficial liquid Weber number

S
u

p
er

fi
ci

al
 v

ap
o

r 
W

eb
er

 n
u

m
b

er

R245fa, D=2.20mm, T
sat

=31oC

 

 

Isolated bubble
Coalescing bubble
Annular

(b)

Figure 4.19: Flow patterns transition lines based on superficial Weber numbers in the
Din=2.20 mm, Tsat=31 oC; (a) R134a, (b) R245fa.
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4.3.3 Effects of Saturation Temperature

The effects of saturation temperature on flow pattern transitions is illustrated in Fig. (4.20).
Comparing the figures, a mild shift in both the IB/CB and CB/A transition lines to lower
vapor qualities for lower saturation temperatures was observed. This is visible for all the
three refrigerants tested. At lower saturation temperatures, the surface tension, density
and fluid viscosity increase, thus explaining the leftward expansion of the annular flow
regime with increasing channel confinement.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

500

1000

1500

Vapor quality [−]

M
as

s 
ve

lo
ci

ty
 (

kg
/m

2 s)

R134a, D
in

=2.20mm

 

 

T
sat

=25oC

T
sat

=31oC

T
sat

=35oC

A

CB

IB

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

100

200

300

400

500

600

700

Vapor quality [−]

M
as

s 
ve

lo
ci

ty
 (

kg
/m

2 s)

R245fa, D
in

=2.20mm

 

 

T
sat

=25oC

T
sat

=31oC

T
sat

=35oC

A

IB

CB

(b)

Figure 4.20: Flow patterns and transition lines for R134a, R236fa and R245fa for Tsat=25, 31
and 35 oC; (a) R134a and (b) R245fa. (The symbols represent the transition lines observed in
the database and not the data points)
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4.4 Flow Pattern Maps Comparisons

This section presents the current experimental flow pattern observations compared with
the macroscale flow pattern map of Kattan et al. [4]. Fig. (4.21) illustrates the flow
patterns prediction of Kattan extrapolated from Din=8 - 14 mm to the Din=1.03 and
3.04 mm channels tested here. The flow pattern predictions did not compare well with
the current experimental data, in particular the annular flow and dryout zones. The flow
pattern map of Kattan also predicted the IB/CB flow regime in their intermittent flow
zone classified as plug and slug flows but with significant buoyancy effects. The stratified
and stratified-wavy zone is not comparable as no flow regime data are available here at
low enough mass velocities to reach these regimes. In conclusion, this macroscale flow
pattern map was developed for macroscale sized tubes where buoyancy forces are domi-
nant. However, one general trend can be observed when surface tension forces dominate is
the gradual suppression of the macroscale intermittent flow regimes to IB(Taylor bubble)
and CB flows while the annular flow regime expands when channel size decreases.

The microscale flow pattern map of Revellin et al. [24] extrapolated to the Din=1.03 mm
channel is shown in Fig. (4.22). The Revellin flow pattern map predicted well the CB/A
flow pattern transition for R134a and R236fa but not for R245fa. The map predicts the
IB/CB regime transition well at high mass velocities for all the fluids but less satisfactory
for lower mass velocities.
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Figure 4.21: Extrapolation of the macroscale flow pattern map of Wojtan [13] for R134a,
Tsat=31 oC; (a) Din=1.03 mm and (b) Din=3.04 mm.
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Figure 4.22: Extrapolation of the microscale flow pattern map of Revellin [24] for theDin=1.03
mm channel; (a) R134a, (b) R236fa and (c) R245fa.
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The comparison of Yang et al. [25] experimental flow pattern transition lines for R134a
with the current experimental data are depicted in Fig. (4.23). However, it is to be noted
the different classifications of the flow regimes by segregation into bubble, plug and slug
flows as opposed to IB and CB flow definitions used in this manuscript. The bubble
and plug flows are classified as IB bubble flow while the slug flow is termed CB flow
in this manuscript. The slug to annular transition line of Yang compared well with the
current experimental CB/A for the Din=2.20 mm channel ans is also satisfactory for the
Din=3.04 mm channel. The slug and plug flow regime compared very well for both the
channels.
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Figure 4.23: Flow pattern transition lines of Yang [25] for R134a; (a) Din=2.20 mm and (b)
Din=3.04 mm.
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4.5 New Macro-Micro Flow Pattern Map

A new two-phase flow pattern map has been proposed here which is an improved version of
the Revellin et al. [24] flow pattern map. The new flow pattern map was developed using
the present current flows pattern data and the data of Revellin [24]. The proposed flow
pattern map includes new dimensionless numbers accounting for the gravity, inertia and
surface tension effects. The map also accounts for the heat flux effects for the prediction
of the onset of coalescence. The proposed new flow pattern transition lines are as follows:

1. Isolated Bubble/Coalescing Bubble (IB/CB)

XIB/CB = 0.36(Co0.20)(µV O/µLO)0.65(ρV O/ρLO)0.9Re0.75
V OBO0.25We−0.91

LO (4.5)

2. Coalescing bubble/Annular (CB/A)

XCB/A = 0.047(Co0.05)(µV O/µLO)0.7(ρV O/ρLO)0.6Re0.8
V OWe−0.91

LO (4.6)

3. Plug−Slug/Coalescing bubble (S−P/CB) if (XS−P/CB < XCB/A)

XS−P/CB = 9(Co0.20)(ρV O/ρLO)0.9Fr−1.2
LO Re0.1

LO (4.7)

The liquid Froude number is written as:

FrLO = G2

ρ2
LOgDin

(4.8)

4. Plug−Slug/Annular (S−P/A) if (XS−P/CB > XCB/A)

XS−P/A = XCB/A (4.9)

The subscripts V O and LO used in the terms above refer to vapor only and liquid only.
The dimensionless numbers have been defined previously in the nomenclature section.
The transition lines Eq. (4.7) and Eq. (4.9) are only used when the confinement number,
Co < 0.34. This transition criterion was based on the current experimental conditions
when transition from IB to Plug-Slug flow occurred at Tsat=31 oC in the Din=3.04 mm
channel.
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R134a R236fa R245fa
Co, Din=2.20 (mm) 0.37 0.39 0.46
Co, Din=3.04 (mm) 0.27 0.28 0.34

Table 4.1: A summary of the experimental confinements numbers at Tsat=31 oC for the
Din=2.20 and 3.04 mm channel.

Fig. (4.24) compares the new flow pattern transition lines with the transition lines of
Revellin et al. [24] developed for the smaller Din=0.50 and 0.80 mm channels.
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Figure 4.24: Comparison of the microscale flow pattern map of Revellin [24] and the new flow
pattern map correlation for R134a, Din=0.51 mm, Tsat=31 oC.

The newly proposed flow pattern map accurately predicts the experimental flow pattern
transitions for channels with Din=0.50, 0.80, 1.03, 2.20 and 3.04 mm channels for all
the three fluids, R134a, R236fa and R245fa. For illustration purposes, Fig. (4.25)a and
Fig. (4.25)b shows the comparison of the current experimental flow regime data with the
new flow pattern map for the Din=2.20 and 3.04 mm channels at Tsat=31 oC.



4.5. New Macro-Micro Flow Pattern Map 79

0 0.2 0.4 0.6 0.8 1

200

400

600

800

1000

1200

1400

1600

Vapor quality [−]

M
as

s 
ve

lo
ci

ty
 (

kg
/m

2 s)
R134a, D=2.20mm, T

sat
=31oC

 

 

Isolated bubble
Coalescing bubble
Annular

IB/CB

CB/A

0 0.2 0.4 0.6 0.8 1

200

400

600

800

1000

1200

1400

1600

Vapor quality [−]

M
as

s 
ve

lo
ci

ty
 (

kg
/m

2 s)

R236fa, D=3.04mm, T
sat

=31oC

 

 

Plug/Slug
Coalescing bubble
Annular

CB/A

S−P/CB

Threshold for S−P/A

S−P/A

Figure 4.25: (a) R134a, Din=2.20 mm and (b) R236fa, Din=3.04 mm.
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4.6 Summary

In summary, the two-phase flow patterns and transitions have been observed to be a
function of channel confinement, fluid property, mass velocity and saturation temperature.
Three principal flow regimes (Isolated bubble, Coalescing bubble and Annular flow) were
observed in the Din=1.03 and 2.20 mm channels while another typical macroscale flow
regime, namely the Slug-Plug flow pattern was present in the Din=3.04 mm channel.
As channel confinement increases, the respective IB/CB flow pattern transitions occur
earlier and an expansion of the annular flow regime can be seen. For confinement number
of Co < 0.34, it was found that the gravity force becomes more dominant. The fluid
property such as the phase densities, surface tension and viscosity was also found to
affect the transition between the flow regimes, namely the transition from surface tension
dominated flows to inertia dominated flows. In conclusion, a new flow pattern map has
been proposed to predict both microscale and miniscale flows.



Chapter 5

Flow Boiling Heat Transfer

This chapter presents the current experimental flow boiling heat transfer data acquired
during this experimental campaign. The heat transfer data have been acquired for R134a,
R236fa and R245fa in the Din=1.03, 2.20 and 3.04 mm channels for a range of exper-
imental conditions. This serves to investigate the effects of channel confinement, heat
flux, mass velocity, saturation temperatures, sub-cooling and the effects of the working
fluid properties on two-phase heat transfer as discussed in the following subsections.

For heat transfer measurements, 250 µm type K thermocouples were attached to the
external wall of the channel to measure the external wall temperatures. The saturation
pressures were measured with two absolute pressure transducers position at the inlet and
the outlet of the test section. The data reduction procedure was discussed and presented
earlier in Chapter 3.

5.1 Single-Phase Validation

The single-phase experimental heat losses obtained from sub-cooled fluid inlet−outlet
temperature measurements across the evaporator for R134a and R245fa are compared to
heat loss predictions, as shown in Fig. (5.1). The heat loss prediction method has been
presented earlier in Chapter 3 to account for the heat losses to the ambient. Referring
to Fig. (5.1), the heating efficiency is observed to increase with the heating power. This
indicates that the lower values of Qeffective are not relatively important as they are not
indicative of the much larger heating power applied during the flow boiling tests, which
were always above 9 W .
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Fig. (5.2) and Fig. (5.3) illustrate the comparison of the experimental turbulent flow
Nusselt numbers for R134a and R245fa versus the Gnielinski [26] and Dittus−Boelter [109]
correlations. The experimental data showed very good agreement with the Gnielinski [26]
correlation for both R134a and R245fa. The comparison yielded only a slight under
prediction and was within ±5% for 84.6% of the R134a experimental data and ±5% for
96% of the R245fa data. Fig. (5.2) and Fig. (5.3) also illustrate the different sets of
single-phase experimental tests being conducted on different days, with the data showing
good reproducibility of the single−phase heat transfer results.
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Figure 5.1: Single-phase experimental heat losses compared to predicted heating efficiency for
R134a in the Din=1.03 mm channel.

The single-phase heat transfer results for the Din=2.20 and 3.04 mm channels (not shown
here) also showed good comparison with the Gnielinski [26] correlation. In conclusion,
the single-phase experiments serve as a good validation check for the Din=1.03, 2.20 and
3.04 mm test sections before the initiation of flow boiling experiments.

5.2 Flow Boiling Heat Transfer

5.2.1 Flow Boiling Curves

Before the commencement of the flow boiling test campaign, a hysteresis analysis of the
boiling heat transfer results was performed. The flow boiling map comparison for R134a
and R245fa in the Din=1.03 mm channel for the last thermocouple as an example is
presented in Fig. (5.4). Comparing both these results, it was observed that the wall
superheat for the onset of boiling differs significantly for R134a and R245fa, with R134a
yielding the lowest wall superheat before the bubble nucleation onset in comparison with
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Figure 5.2: (a) Sub-cooled liquid heat transfer results for R134a in the Din=1.03 mm channel
and (b) Experimental Nusselt numbers versus Gnielinski [26] correlation.
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Figure 5.3: (a) Sub-cooled liquid heat transfer results for R245fa in the Din=1.03 mm channel
and (b) Experimental Nusselt numbers versus Gnielinski [26] correlation.
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Figure 5.4: Boiling curve for the last thermocouple at heated length location of Z=157 mm
in the Din=1.03 mm channel; (a) R134a and (b) R245fa.

R245fa. As can be seen, the wall superheat increases with increasing heat flux until
reaching a wall superheat of Twall,sp ≈21K for R134a and Twall,sp ≈26K for R245fa. After
the onset of boiling, the wall superheat falls dramatically and increases with heat flux,
reaching a value of Twall,sp ≈7 K for R134a and Twall,sp ≈6.5 K for R245fa. Decreasing
the heat flux, it is clearly observed that there is no hysteresis on the wall superheat with
increasing and decreasing heat flux, except for the onset of boiling.

For a given cavity size, the minimum radius of curvature of the bubble will occur when
the bubble forms a hemisphere at the cavity mouth. The radius of curvature is then
considered equal to the radius, (R) of the cavity opening. The pressure inside the bubble,
Pbub is set to reach a maximum when r=R, which is the cavity radius. The pressure inside
the bubble, Pbub is defined as:

Pbub = p+ 2σ
r

(5.1)

Before the onset of nucleation, the wall temperature required to trigger the onset of
bubble growth is defined as in Eq. (5.6).

Twall > Tsat + dT

dp
(Pbub − PV ) (5.2)

where PV refers to the vapor pressure.

Referring to the pressure-temperature (P-T) diagram, the slope of the vapor pressure
curve can be described by the Clausius− Clapeyron equation as defined in Eq. (5.3).

dP

dT
= hlv

(ϑV − ϑL)Tsat
(5.3)

where ϑV and ϑL refers to the specific volumes of the vapor and liquid. For ϑV � ϑL,
Eq. (5.3) becomes

dP

dT
= Tsat
hlvρV

(5.4)



5.2. Flow Boiling Heat Transfer 85

The inequality as defined in Eq. (5.2) can be rewritten as:

Twall > Tsat + 2σTsat
RhlvρV

(5.5)

Rearranging Eq. (5.5), the wall superheat, Twall,sp required for the onset of bubble growth
becomes

Twall,sp = 2σTsat
RhlvρV

(5.6)

The wall superheat, Twall,sp is shown to be a function of surface tension, vapor density and
latent heat of vaporization. The higher surface tension characteristics of R245fa, with
the combined effect of a lower vapor density explains the higher wall superheat reached
to achieve the onset of nucleate boiling as depicted in Fig. (5.4).

5.2.2 Effects of Channel Confinement

The effect of channel confinement on flow boiling heat transfer has been investigated
in this experimental study. This section presents the flow boiling heat transfer data
acquired during the experimental campaign for the three channels tested. As discussed
in Chapter 4, the two-phase flow patterns and their transitions were significantly affected
by channel confinement, resulting in the gradual expansion of the annular flow regime
and the gradual suppression of the isolated bubble regime for confinement numbers Co
> 1.0 as observed in Fig. (4.12)(a). A typical macroscale flow regime, the slug−plug was
observed for confinement numbers Co < 0.34 at the lower range of mass velocities.

Fig. (5.5) illustrates the heat transfer coefficients for R134a at Tsat=31 oC. The heat
transfer results have been segregated into their respective flow regimes using the new flow
pattern map proposed in Chapter 4. The classification of the heat transfer data into their
respective flow regimes allows the identification of the dominant heat transfer mechanism
affecting these small channels at the lower range of vapor quality, i.e. nucleate boiling
in macro-channels or thin film evaporation in micro-channels. The individual vertical
lines in the heat transfer figures represent the experimental flow regime transitions. The
flow regimes are segregated into the isolated bubble (IB), the coalescing bubble (CB), the
annular (A) and slug−plug (S-P) regimes for the three fluids. Comparing the figures in
Fig. (5.5), the Din=3.04 mm channel with the lowest number of Co=0.27 has the highest
heat transfer coefficient at lower vapor qualities corresponding to the slug−plug flow
regime. In the slug−plug flow regime, small vapor bubbles were entrained in the liquid film
surrounding the channel wall and the vapor bubbles violently coalesced with increasing
vapor quality before the transition to the annular flow regime. As for the Din=2.20 mm
channel with Co=0.36, the heat transfer coefficient in this surface tension dominated IB
flow regime is also much higher in comparison with the heat transfer coefficients in the IB
flow regime for the Din=1.03 mm channel with Co=0.78. The surface tension forces are
much more dominant at lower vapor qualities when isolated bubbles are often encountered.
Increasing the vapor quality, the surface tension forces becomes less important and the
shear forces becomes dominant, corresponding to the transition from coalescing bubble
to the annular flow regime.
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The higher heat transfer trend in the IB flow regime can thus be attributed to higher
nucleate boiling dominance for the larger channels with lower confinement numbers. The
nucleate boiling mechanism described here is similar to nucleate boiling occurring in
macro-scale channels. Then, a decreasing heat transfer trend was observed for the CB flow
regime for Din=1.03 and 2.20 mm channels and slug−plug flow regime for the Din=3.04
mm channel. At higher vapor qualities, the heat transfer coefficients appear to converge
at higher vapor qualities corresponding to convective boiling characterized by annular
flow. The R134a data shown in Fig. (5.5)a conform to this explanation at the lower heat
flux only. The heat transfer comparison for R236fa and R245fa at similar conditions,
G ≈ 200 kg/m2s, is shown in Fig. (5.6) and Fig. (5.7). In the IB flow regime, the heat
transfer coefficients are higher for the larger channels with lower confinement numbers.
A similar decreasing trend was also observed in the CB and S−P flow regime for both
the fluids tested, conforming with the observations for R134a.

Comparing the results in Fig. (5.6), the heat transfer coefficients in the IB regime at sim-
ilar heat fluxes for the Din=1.03 mm channel with Co=0.83 are much lower than those in
the Din=3.04 mm channel, Co=0.28, while the data for Din=2.20 mm channel, Co=0.39
fall in between. The results indicate a lower dependency of the heat transfer coefficient
on heat flux when channel confinement increases. After the transition to annular flow,
the heat transfer coefficient increased and converged for all the heat fluxes. This indicates
a strong dominance of forced convection as the dominant flow boiling mechanism in this
shear dominated regime. This trend is even more pronounced with R245fa as shown in
Fig. (5.7). For the Din=1.03 mm channel, Co=1.02, the results indicated a low heat flux
effect on the heat transfer coefficient when compared to the Din=2.20 mm channel. At
higher vapor qualities, i.e. x=0.70, the heat transfer coefficient for the Din=1.03 mm
channel is on the order of 30 % higher than for the Din=3.04 mm channel. Comparing
the heat transfer coefficients in the IB flow regime for the three fluids in the Din=1.03mm
channel, as illustrated in Fig. (5.5)a, Fig. (5.6)a, Fig. (5.7)a, R134a showed the highest
heat flux dependency and yields the highest heat transfer coefficients, followed by R236fa
and R245fa. In the annular flow regime, a reversed trend was observed where R245fa
yields the highest heat transfer coefficients in comparison with R134a for x=0.70. From
the heat transfer results, it was observed that effects of heat flux are gradually suppressed
with increasing channel confinement, as illustrated in this case for R245fa Din=1.03 mm
channel with Co=0.99.



5.2. Flow Boiling Heat Transfer 87

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

5000

10000

15000

H
ea

t 
tr

an
sf

er
 c

o
ef

fi
ci

en
t(

 W
/m

2 K
)

Vapor quality

R134a, D=1.03mm, G=204kg/ms, T
sat

=31oC, Co=0.78

 

 

8.1 kW/m2

11.5 kW/m2

15.5 kW/m2

20.3 kW/m2

25.5 kW/m2

28.1 kW/m2

31.3 kW/m2

34.6 kW/m2

41.2 kW/m2

44.6 kW/m2

IB CB A

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

5000

10000

15000

H
ea

t 
tr

an
sf

er
 c

o
ef

fi
ci

en
t 

(W
/m

2 K
)

Vapor quality

R134a, D=2.20 mm, G=211 kg/m2s, T
sat

=31oC, Co=0.36

 

 

5.5 kW/m2

7.9 kW/m2

13.0 kW/m2

19.6 kW/m2

26.6 kW/m2

35.5 kW/m2

40.6 kW/m2

45.8 kW/m2IB CB A

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

5000

10000

15000

H
ea

t 
tr

an
sf

er
 c

o
ef

fi
ci

en
t 

(W
/m

2 K
)

Vapor quality

R134a, D=3.04mm, G=200kg/m2s, T
sat

=31oC, Co=0.27

 

 

5.0 kW/m2

6.6 kW/m2

10.5 kW/m2

15.0 kW/m2

20.6 kW/m2

26.9 kW/m2

33.9 kW/m2

41.9 kW/m2

46.3 kW/m2

AS−P

(c)

Figure 5.5: Heat transfer coefficients for R134a at Tsat=31 oC; (a) Din=1.03 mm channel,
Co=0.78, (b) Din=2.20 mm channel, Co=0.36 (c) Din=3.04 mm channel, Co=0.27.
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Figure 5.6: Heat transfer coefficients for R236fa at Tsat=31 oC; (a) Din=1.03 mm channel,
Co=0.83, (b) Din=2.20 mm channel, Co=0.39 (c) Din=3.04 mm channel, Co=0.28.



5.2. Flow Boiling Heat Transfer 89

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000
H

ea
t 

tr
an

sf
er

 c
o

ef
fi

ci
en

t 
(W

/m
2 K

)

Vapor quality

R245fa, D=1.03mm, G=199kg/ms, T
sat

=31oC, Co=0.99

 

 

15.2 kW/m2

17.6 kW/m2

20.1 kW/m2

22.5 kW/m2

25.4 kW/m2

28.0 kW/m2

31.1 kW/m2

34.4 kW/m2

37.5 kW/m2

41.2 kW/m2

44.5 kW/m2

CB A

IB

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

H
ea

t 
tr

an
sf

er
 c

o
ef

fi
ci

en
t 

(W
/m

2 K
)

Vapor quality

R245fa, D=2.20mm, G=201kg/m2s, T
sat

=31oC, Co=0.46

 

 

8.3 kW/m2

11.1 kW/m2

14.0 kW/m2

17.3 kW/m2

21.4 kW/m2

25.2 kW/m2

29.2 kW/m2

34.4 kW/m2

45.3 kW/m2

50.7 kW/m2

53.9 kW/m2

A

IB

CB

(b)

Figure 5.7: Heat transfer coefficients for R245fa at Tsat=31 oC; (a) Din=1.03 mm channel,
Co=0.99 and (b) Din=2.20 mm channel, Co=0.46.
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Fig. (5.8) depicts the heat transfer coefficients for R236fa in the Din=1.03 mm channel,
Co=0.83 at G ≈ 200 and G ≈ 500 kg/m2s. It can be seen that the flow pattern transition
is a function of mass velocity, with the IB flow regime spanning a smaller range of vapor
qualities and the expansion of the annular flow regime with increasing mass velocities.
Comparing the two graphs, the heat transfer coefficients are similar in magnitude for a
similar range of heat fluxes in the IB regime. This is not the case for the heat transfer
coefficients in the annular flow regime, which is observed to be mass velocity dependent.
The heat transfer coefficients for G ≈ 500 kg/m2s is 80% higher than that of G ≈ 200
kg/m2s at x=0.60. This indicates an increasing dominance of forced convection at higher
mass velocities, justified by the rise of shear force dominance. With increasing interfacial
shear forces, the rate of entrainment of small liquid bubbles into the vapor core will
increase. As a consequence, the liquid film around the wall periphery becomes thinner
thus explaining the higher heat transfer coefficients in the annular flow regime. Chapter
7 presents the results of the relative top-bottom film thickness measurements through
image processing of the high speed videos acquired during this research campaign.

Fig. (5.9) on the other hand shows the heat transfer coefficients for R245fa in theDin=1.03
mm channel, Co=0.99 at G ≈ 200 and G ≈ 500 kg/m2s. As expected, the heat transfer
trends observations conform to the observations for R236fa. It is also seen that the heat
transfer coefficients for G ≈ 500 kg/m2s at x=0.35 are on the order of +100% higher in
comparison with G ≈ 200 kg/m2s thus indicating thin film evaporation as the dominant
mechanism for small mini-scale channels.
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Figure 5.8: Heat transfer coefficients for R236fa in the Din=1.03 mm channel at Tsat=31 oC,
Co=0.83; (a) G=201 kg/m2s and (b) G=499 kg/m2s.
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Figure 5.9: Heat transfer coefficients for R245fa in the Din=1.03 mm channel at Tsat=31 oC,
Co=0.99; (a) G=199 kg/m2s and (b) G=498 kg/m2s.

5.2.3 Effects of Fluid Properties

The effects of fluid properties on flow boiling heat transfer in these small channels were
investigated during this experimental campaign. The comparison of the fluid properties
for the refrigerants tested is shown in Fig. (5.10).

Figure 5.10: Comparison of refrigerant properties at Tsat=31 oC.
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Fig. (5.11) illustrates the flow boiling heat transfer coefficients for R134a, R236fa and
R245fa at Tsat=31 oC, G ≈ 200 kg/m2s in the Din=1.03 mm channel, corresponding to
confinement numbers Co=0.78, 0.83 and 0.99 respectively. Comparing the three fluids,
R134a has the highest heat transfer coefficients at lower vapor qualities corresponding to
the IB flow regimes, followed by R236fa and R245fa. This is probably due to the higher
pressure characteristics of R134a as seen in increasing heat transfer coefficients with
saturation temperature, in comparison with the two other fluids. On the other hand,
surface tension effects are most dominant for R245fa among the three, thus representing
the highest confinement for the Din=1.03 mm channel Tsat=31 oC. The higher surface
tension of R245fa also yields the lowest IB/CB and CB/A transition vapor quality flow.
After the onset of boiling at x ≈0, a drop in heat transfer can be observed for R134a
and R236fa, but was not clearly observed for R245fa due to the small ′width′ of the IB
region. The heat transfer drop at these very small vapor qualities is probably related to
the transition from pure bubbly flow to bubbly/elongated bubble through evaporation
and the coalescence phenomena at higher vapor qualities. Similar heat transfer trends
were also observed for the three fluids with the same saturation condition for G ≈ 300
kg/m2s as published earlier in Ong et al. [81].

Another comparison of the heat transfer coefficients for the three different fluids at higher
mass velocities, G ≈ 500 kg/m2s is depicted in Fig. (5.12) in the Din=1.03 mm chan-
nel. The same decreasing trend was observed for R236fa and R245fa but was observed
for R134a only at moderate heat fluxes. A mild converging heat transfer trend was ob-
served for R134a at G ≈ 500 kg/m2s, corresponding to the annular flow regime. This
justified the rising dominance of convective boiling, which is normally associated with a
rising trend in heat transfer coefficient versus vapor quality as the dominant heat transfer
mechanism. A monotonically converging trend was also observed for the other two flu-
ids. Among the three fluids tested, the heat transfer coefficients for R245fa showed less
dependence on heat flux when compared to R236fa and the highest for R134a at small
vapor qualities. At higher vapor qualities, a steep converging heat transfer coefficient
trend was more pronounced for R245fa as compared to R134a, indicating the dominance
of film evaporation for this fluid. From the experimental observations, one can conclude
that R134a illustrated a higher heat flux effect followed by R236fa and R245fa at low
vapor qualities. The gradual suppression of heat flux effects and an increasing domi-
nance of forced convection is due to higher channel confinement effects as shown in the
confinement numbers for the three different fluids.
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Figure 5.11: Heat transfer comparison for R134a, R236fa and R245fa in the Din=1.03 mm
channel at Tsat=31 oC, G ≈200 kg/m2s; (a) Co=0.78, (b) Co=0.83 and (c) Co=0.99.
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Figure 5.12: Heat transfer comparison for R134a, R236fa and R245fa in the Din=1.03 mm
channel at Tsat=31 oC, G ≈500 kg/m2s; (a) Co=0.78, (b) Co=0.83 and (c) Co=0.99.
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Fig. (5.13) and Fig. (5.14) present the heat transfer coefficients for G ≈ 500 kg/m2s
at Tsat=31 oC in the Din=2.20 and 3.04 mm channels. With increasing channel size, a
lower confinement number was encountered. At lower confinement numbers, the surface
tension forces become less dominant in comparison with the buoyancy and shear forces.
As shown in Fig. (5.12), Fig. (5.13) and Fig. (5.14), it was observed that the heat transfer
coefficients in the IB flow regime increase with increasing channel size for all the three
fluids. As explained before, the higher heat transfer coefficients for the Din=3.04 mm
channel are attributed to the higher nucleate boiling dominance similar to macro-scale
channels. For the CB and annular flow regimes, R134a also pose the highest heat transfer
coefficients among the three fluids except for R245fa in the Din=1.03 channel due insuffi-
cient data. In conclusion, the three fluids pose different heat transfer characteristics with
R134a being the most heat flux dependent while R245fa being the most vapor quality
dependent. It is sufficient to conclude that the confinement number only illustrates the
effects of heat flux dependency at low vapor qualities when surface tension forces are
dominant.
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Figure 5.13: Heat transfer comparison for R134a, R236fa and R245fa in the Din=2.20 mm
channel at Tsat=31 oC, G ≈500 kg/m2s; (a) Co=0.36, (b) Co=0.39 and (c) Co=0.46.



98 Flow Boiling Heat Transfer

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
x 10

4

H
ea

t 
tr

an
sf

er
 c

o
ef

fi
ci

en
t 

(W
/m

2 K
)

Vapor quality

R134a, D=3.04mm, G=502kg/m2s, T
sat

=31oC, Co=0.27

 

 

27.2 kW/m2

41.7 kW/m2

60.2 kW/m2

81.5   kW/m2

106.7 kW/m2

113.4 kW/m2

IB

A
CB

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
x 10

4

H
ea

t 
tr

an
sf

er
 c

o
ef

fi
ci

en
t 

(W
/m

2 K
)

Vapor quality

R236fa, D=3.04mm, G=503kg/m2s, T
sat

=31oC, Co=0.28

 

 

16.6 kW/m2

22.3 kW/m2

28.8 kW/m2

36.5 kW/m2

44.5 kW/m2

53.7 kW/m2

63.3 kW/m2

74.5 kW/m2

86.4 kW/m2

98.7 kW/m2

IB

ACB

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
x 10

4

H
ea

t 
tr

an
sf

er
 c

o
ef

fi
ci

en
t 

(W
/m

2 K
)

Vapor quality

R245fa , D=3.04mm, G=503kg/m2s, T
sat

=31oC, Co=0.34

 

 

10.3 kW/m2

15.3 kW/m2

28.0 kW/m2

43.4 kW/m2

61.6 kW/m2

83.6 kW/m2

110.0 kW/m2

CB A

IB

(c)

Figure 5.14: Heat transfer comparison for R134a, R236fa and R245fa in the Din=3.04 mm
channel at Tsat=31 oC, G ≈500 kg/m2s; (a) Co=0.27, (b) Co=0.28 and (c) Co=0.34.
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5.2.4 Effects of Mass Velocity

As discussed previously in Chapter 4, the flow pattern transitions are dependent on the
mass velocity. At higher mass velocities, the flow pattern transitions occur earlier at lower
vapor qualities and this results in the gradual suppression of the IB and CB flow regimes
and the expansion of the annular flow regime. With the expansion of the annular flow
regime, forced convection is expected to dominate earlier which is normally associated
with a rising trend in heat transfer coefficient versus vapor quality, more easily seen at
lower heat fluxes. Fig. (5.15) presents the heat transfer results for R134a in the Din=1.03
mm channel for G ≈ 800 kg/m2s and G ≈ 1200 kg/m2s at Tsat=31 oC.
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Figure 5.15: Mass velocity effects on heat transfer for R134a in the Din=1.03 mm channel at
Tsat=31 oC, Co=0.78; (a) G ≈ 800 kg/m2s and (b) G ≈ 1000 kg/m2s.
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Comparing the results in Fig. (5.15), it is clear that the heat transfer coefficient increases
with increasing mass velocity at similar heat fluxes. The IB flow regime spans over a very
small range of vapor qualities, from x ≈ 0-0.02 at G ≈ 1200 kg/m2s. The distinctive
sharp drop on the heat transfer coefficients in the CB flow regime occurs due to the bubble
coalescence process with the increase in vapor quality. In the annular flow regime at x ≈
0.50, the heat transfer coefficients for G ≈ 1200 kg/m2s are on the order of ≈43% higher
in comparison with G ≈ 800 kg/m2s indicating the dominance of forced convection.

Fig. (5.16) refers to flow boiling experiments for R134a, R236fa and R245fa for a constant
wall heat flux over a wide range of mass velocities with the classification of flow regimes
indicated for the lowest and highest mass velocity. The IB and CB flow regimes have
been observed to continuously shrink in size with increasing mass velocity, occupying
a much smaller vapor quality range. The annular flow regime in particular covers the
widest range of vapor quality range at the highest mass velocity, as illustrated in the
results. The heat transfer coefficients indicate a significant mass flux influence for all the
fluids in the annular flow regime, in contrast with earlier studies mentioned previously in
Chapter 2. In the IB flow regime, the heat transfer coefficients registered approximately
the same magnitude due to the onset of boiling but increased after the transition from
CB to annular flow is complete. By relative comparison, the heat transfer coefficient for
R134a at G= 1608 kg/m2s and x=0.10 is ≈ 67% higher in comparison with G= 297
kg/m2s at x=0.10. As for R236fa, a similar comparison of the heat transfer coefficient
at G= 1209 kg/m2s, x=0.10 registered a ≈ 20% higher magnitude in comparison with
G= 297 kg/m2s for the same vapor quality. This is however not observed for R245fa
with Co=1.02, since no significant difference in the magnitude can be seen in the CB flow
regime due to a monotonically decreasing heat transfer trend.
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Figure 5.16: Mass velocity effects on heat transfer for R134a, R236fa and R245fa in the
Din=1.03 mm channel at Tsat=31 oC; (a) R134a, Co=0.78, (b) R236fa, Co=0.83 and (c)
R245fa, Co=0.99.

Fig. (5.17) presents the heat transfer coefficients for R134a and R236fa at a similar wall
heat flux for different mass velocities in the Din=2.20 mm channel. The experimental
condition corresponds to Tsat=25 oC, a confinement number of Co=0.38 for R134a and
Co=0.47 for R245fa respectively. The heat transfer coefficients rise for R134a in the
annular flow regime appears to be more subdued when compared to R236fa. It was also
observed that the heat transfer coefficients in the IB and annular flow regimes for R134a
at G= 1495 kg/m2s are somewhat similar. This is not the case for R236fa, as the heat
transfer coefficients were observed to increase after the onset of nucleation.



102 Flow Boiling Heat Transfer

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2x 10
4

 

 

H
ea

t 
tr

an
sf

er
 c

o
ef

fi
ci

en
t 

(W
/m

2 K
)

Vapor quality

R134a, D=2.20mm, q=92.5kW/m2, T
sat

=25oC, Co=0.38

G=398kg/m2s

G=505kg/m2s

G=602kg/m2s

G=698kg/m2s

G=801kg/m2s

G=903kg/m2s

G=1003kg/m2s

G=1103kg/m2s

G=1200kg/m2s

G=1301kg/m2s

G=1406kg/m2s

G=1495kg/m2s

G=398 kg/m²s

CB

CB

G=1495 kg/m²s

(a)

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2x 10
4

 

 

H
ea

t 
tr

an
sf

er
 c

o
ef

fi
ci

en
t 

(W
/m

2 K
)

Vapor quality

R236fa, D=2.20mm, q=101.7kW/m2, T
sat

=25oC, Co=0.40

G=508kg/m2s

G=608kg/m2s

G=714kg/m2s

G=807kg/m2s

G=910kg/m2s

G=1005kg/m2s

G=1101kg/m2s

G=1189kg/m2s

G=1305kg/m2s

G=1403kg/m2s

G=1494kg/m2s

G=508 kg/m²s

G=1494 kg/m²s

CB

CB

(b)

Figure 5.17: Mass velocity effects on heat transfer for R134a and R236fa in the Din=2.20 mm
channel at Tsat=25 oC; (a) R134a, Co=0.38 and (b) R236fa, Co=0.40.

The results shown in Fig. (5.18) depict the heat transfer results for all the three fluids
in the larger Din=3.04 mm channel corresponding to confinement numbers of Co=0.27
- 0.34. The heat transfer trends appear to show less convective boiling dominance, as
reflected in the results. The heat transfer coefficients in the IB regime for R134a and
R236fa registered the highest value, as opposed to a usually higher heat transfer trend
seen in the Din=1.03 mm channel. The rising heat transfer trends appears to be more
subdued with increasing channel size. As for R245fa, the results were not conclusive due
to the extremely small ′width′ of the IB flow regime. However, a plateau shaped heat
transfer trend was still observed for the smaller range of mass flux tested due to test
facility limitations for this low pressure fluid.
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Figure 5.18: Mass velocity effects on heat transfer for R134a, R236fa and R245fa in the
Din=3.04 mm channel at Tsat=31 oC; (a) R134a, Co=0.27, (b) R236fa, Co=0.28 and (c)
R245fa, Co=0.34.

5.2.5 Effects of Saturation Temperature

This section investigates the effects of saturation temperature on heat transfer. Fig. (5.19)
and Fig. (5.20) present the R236fa and R245fa data at Tsat=31 and 35 oC for a wide range
of heat fluxes in the Din=1.03 mm channel. As observed, the heat transfer coefficients
appear to be higher throughout the IB and CB flow regime for higher saturation temper-
ature or pressures. In the annular flow regime, for example at x=0.40, the heat transfer
coefficient for R236fa at Tsat=35 oC, q=60.3 kW/m2 is ≈5% higher in comparison to
Tsat=31 oC at q=60.6 kW/m2. The same trend can be observed for R45fa at Tsat=35 oC
for all the heat fluxes, with the heat transfer coefficients registering ≈7% higher values
in comparison to Tsat=31 oC, as shown in Fig. (5.20).
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Figure 5.19: Heat transfer coefficients for R236fa at G ≈300 kg/m2s; (a) Tsat=31 oC, Co=0.83
and (b) Tsat=35 oC, Co=0.81.
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Figure 5.20: Heat transfer coefficients for R245fa atG ≈ 400 kg/m2s; (a) Tsat=31 oC, Co=0.99
and (b) Tsat=35 oC, Co=0.97.
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Similar heat transfer characteristics were observed for the Din=2.20 mm channel at low
vapor qualities. The heat transfer coefficients are higher for higher saturation temper-
atures at similar heat fluxes, as illustrated in Fig. (5.21) and Fig. (5.22) in the IB/CB
flow regime. At high vapor qualities of x ≈0.80, higher heat transfer coefficients were
also registered for the higher saturation experiments for R134a. This might be due to
the lower latent heat at higher saturation temperatures, causing the higher evaporation
and the rapid thinning of the liquid film layer around the wall as proposed by Jacobi et
al. [52], Saitoh et al. [66] and Petterson [110]. Similar higher heat transfer coefficients at
x ≈ 0.80 can also be seen for R236fa but to a lower extent as compared to R134a.
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Figure 5.21: Heat transfer coefficients for R134a in the Din=2.20 mm channel for G ≈ 300
kg/m2s; (a) Tsat=25 oC, Co=0.38, (b) Tsat=31 oC, Co=0.36 and (c) Tsat=35 oC, Co=0.35.
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Figure 5.22: Heat transfer coefficients for R236fa in the Din=2.20 mm channel for G ≈ 500
kg/m2s; (a) Tsat=25 oC, Co=0.40, (b) Tsat=31 oC, Co=0.39 and (c) Tsat=35 oC, Co=0.38.
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5.2.6 Effects of Inlet Sub-cooling

Fig. (5.23)a shows the heat transfer for two different mass fluxes for R134a in theDin=1.03
mm channel. The results suggest a little residue effect of inlet sub-cooling on the heat
transfer coefficients in the saturated region up to the CB/A transition lines. The CB/A
transition line is simulated using the newly proposed flow pattern map for the respective
mass velocities at Tsat=31 oC with inlet temperature Tin=27 oC. Thus, in the IB and CB
flow regimes, there seems to be some effect and this explains the various trends observed
here and elsewhere at low vapor qualities. This is likely due to the influence of sub-cooling
on the onset of boiling along the channel length. The same trend was observed here in
the Din=3.04 mm channel, as shown in Fig. (5.23)b.
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Figure 5.23: Sub-cooling effects the on heat transfer coefficient for R134a at Tsat=31 oC; (a)
Din=1.03 mm channel, Co=0.78 and (b) Din=3.04 mm channel, Co=0.27.
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Figure 5.24: Sub-cooling effects on the heat transfer coefficient for R236fa at Tsat=31 oC; (a)
Din=1.03 mm channel, Co=0.83 and (b) Din=3.04 mm channel, Co=0.28.

Fig. (5.24) refers to the heat transfer results for R236fa for different inlet sub-coolings in
the Din=1.03 and 3.04 mm channel. The results indicate the same trends as observed
earlier for R134a, which might be due to the influence of inlet sub-cooling on the location
of onset of bubble nucleation.

Fig. (5.25) illustrates the comparison of the effects of inlet sub-cooling for R236fa at
Tsat=25, 31 and 35 oC in the Din=2.20 mm channel. Here, there are no residue effects
of sub-cooling. The heat transfer coefficients are higher saturation for higher saturation
temperatures.
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Figure 5.25: Sub-cooling effects on the heat transfer coefficient for R236fa in the Din=2.20
mm channel; (a) Tsat=25 oC, Co=0.40, (b) Tsat=31 oC, Co=0.39 and (c) Tsat=35 oC, Co=0.38.
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5.2.7 Discussion of Heat Transfer Results

The heat transfer trends observed for the three refrigerants R134a, R236fa and R245fa
displayed similar characteristics in comparison with the heat transfer experimental results
of Lazarek et al. [5] for R-113 in a single-channel with Din=3.1 mm, Kew at al. [49] for
R141b for channels with internal diameters ofDin=1.39 - 3.69mm, Lin et al. [6] for R141b
in single channels with channel diameters Din=1.10, 1.80, 2.80, 3.60 mm and Saitoh et
al. [66] for R134a in channels with Din=0.51, 1.12 and 3.10 mm.

The rising heat transfer coefficients with heat flux shown in the current experimental
results in the sub-cooled and saturated region conforms with the results observed by
Lazarek et al. [5] who concluded that the local heat transfer coefficient increases rapidly
from a low value in the sub-cooled region to a larger value coinciding with the onset
of saturated boiling. The minichannel heat experimental results of Kew et al. [49] also
indicated a significant rise in the heat transfer values from the sub-cooled region to an
increasing heat transfer trend with increasing vapor qualities. These authors observed a
drop in heat transfer coefficients at low vapor qualities after the onset of boiling, before
increasing monotonically at higher vapor qualities corresponding to convective boiling.
However, these authors reported a decreasing heat transfer trend for the Din=1.39 mm
with Co=0.87 for G=1480 kg/m2s which might be due to flow instabilities as described in
Consolini [10]. On the other hand, Lin et al. [6] concluded from their experiments that the
heat transfer coefficients were strongly dependent on heat flux and increased with vapor
quality. The main conclusion from these authors is that the region corresponding on
nucleate boiling region is seen in the larger tubes, but differs in that the reduction of heat
transfer with quality is marked for the smaller tubes. Finally, Saitoh et al. [66] concluded
from their results that the effects of heat flux were observed at lower vapor qualities
and also saw a monotonically converging trend at higher vapor qualities. These authors
result also corresponded well with the current heat transfer results, which indicates a
higher heat transfer for higher saturation temperatures.
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5.3 Heat Transfer Prediction Method Comparisons

This section compares the current experimental heat transfer results versus various heat
transfer prediction methods from the literature.

Fig. (5.26) compares the experimental heat transfer data for R134a, R236fa and R245fa in
the Din=1.03,2.20 and 3.04 mm channels with the heat transfer correlation from Lazarek
et al. [5]. The correlation predicted the heat transfer coefficients for the Din=1.03 mm
channel with rather poor accuracy, with 57.8% of the R134a data to within ± 30% (MAE
of 30.2%), 42.0% of the R236fa data to within ± 30% (MAE of 40.0%) and 59.4% of
the R245fa data to within ± 30% (MAE of 31.7%). The prediction method’s accuracy
increased for the larger Din=2.20 and 3.04 mm, as depicted in Fig. (5.26). For the
Din=3.04 mm channel, the correlation predicted 89.2% (MAE of 16.1%) data for R134a,
83.8% (MAE of 17.8%) data for R236fa and 77.5% (MAE of 20.8%) data for R245fa to
within ± 30% respectively. The better accuracy of this prediction for the larger channels
is likely due to the fact that the correlation was developed based on heat transfer data
for round channels with Din=3.10 mm.
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Figure 5.26: Experimental heat transfer coefficient comparison with Lazarek et al. [5] corre-
lation for R134a, R236fa and R245fa; (a) Din=1.03 mm channel, (b) Din=2.20 mm and (c)
Din=3.04 mm channel.
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Fig. (5.27) on the other hand depicts the comparison of the Tran et al. [27] heat transfer
correlation with the current experimental heat transfer data. The correlation was de-
veloped based on their experimental data for circular and square channels with internal
diameters of Din=2.40 - 2.92 mm for R12 and R113. The correlation from Tran et al. [27]
incorporates the Weber number and considers the fluid property effects such as the liq-
uid and vapor density ratio, surface tension and latent heat of vaporization for the heat
transfer coefficient predictions. Referring to Fig. (5.27), the method compared very well
for R134a and R236fa for the Din=1.03 and 2.20 channels with over 80% of the data to
within ± 30% and over 90% of the data to within ± 30% prediction for the Din=3.04
mm channel. However, the correlation only managed to predict 28.7% of the R245fa data
in the Din=1.03 mm channel to within ± 30%, 66.4% of the data to within ± 30% for
the Din=2.20 mm channel and 80% of the data to within ± 30% for the Din=3.04 mm
channel. In conclusion, the correlation predicts the larger Din=2.20 and 3.04 mm chan-
nels with higher accuracy than the smaller Din=1.03 mm channel. The accuracy of the
heat transfer coefficient predictions increased with increasing channel size, as observed in
Fig. (5.27). The better prediction for the larger channels is probably attributed to the
fact that the correlation was developed for mini-scale channels, similar to the larger two
channel sizes tested here.
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Figure 5.27: Experimental heat transfer coefficient comparison with Tran et al. [27] correlation
for R134a, R236fa and R245fa; (a) Din=1.03 mm channel, (b) Din=2.20 mm and (c) Din=3.04
mm channel.
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Fig. (5.28) illustrates the comparison of the current heat transfer data with the saturated
flow boiling heat transfer correlation of Garimella et al. [28]. The correlation was devel-
oped from a database of 3899 data points covering 12 different wetting and non-wetting
fluids, hydraulic diameters ranging from Dh=0.16 to 2.92 mm and confinement num-
bers from 0.3 to 4.0. The correlation includes both the nucleate boiling and convective
heat transfer components. As shown in Fig. (5.28)a, the correlation predicted 79.2% of
the R134a data to within ± 30% and a MAE of 22.3% for the Din=1.03 mm channel.
The correlation only managed to predict 66.8% of the R236fa data to within ± 30%
(MAE of 27.5%) and 56.9% of the R245fa data to within ± 30% (MAE of 32.7%) for the
Din=1.03 mm channel. The predictions for the Din=2.20 and 3.04 mm channels are less
satisfactory. From the current comparison, the accuracy of the correlation generally de-
creases with increasing channel size, with significant under prediction of the heat transfer
coefficients for the Din=3.04 mm channel as shown here in Fig. (5.28)c.
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Figure 5.28: Experimental heat transfer coefficient comparison with Garimella et al. [28]
correlation for R134a, R236fa and R245fa; (a) Din=1.03 mm channel, (b) Din=2.20 mm and
(c) Din=3.04 mm channel.

Fig. (5.29) illustrates the comparison of the Liu and Winterton [29] correlation with the
current experimental heat transfer results. In general, the predictions are less satisfactory
for R134a and R236fa in comparison with R245fa for the three channels tested. It was
also observed that the prediction accuracy generally decreases for R134a and R236fa with
increasing channel size. As for R245fa, an opposite trend was observed with better result
predictions for the Din=2.20 and 3.04 mm channels. In summary, the correlation pre-
dicted the R245fa results the best, followed by R236fa and the least accurate predictions
for R134a.
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Figure 5.29: Experimental heat transfer coefficient comparison with Liu & Winterton [29]
correlation for R134a, R236fa and R245fa; (a) Din=1.03 mm channel, (b) Din=2.20 mm and
(c) Din=3.04 mm channel.

The comparison of the current experimental results with the Saitoh et al. [30] correlation
is depicted in Fig. (5.30). This correlation was developed from a R134a heat transfer
database obtained from a wide range of tube diameters, Din=0.51 to 11.0 mm channels,
and accounts for the effect of channel confinement in flow boiling heat transfer. The
effects of tube diameter on flow boiling heat transfer coefficient was characterized by
the introduction of the Weber number in the gas phase. Comparing the three fluids,
the correlation predicted the heat transfer data for R134a in the Din=1.03 mm channel
very well with 94.7% of the data to within ± 30% and a MAE of 11.9%. However,
the correlation significantly under predicted the heat transfer coefficient for R134a for
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the larger Din=3.04 mm channel, with only 16.8% of the data to within ± 30% and
a MAE of 42.3%. This reason for the loss of accuracy in the heat transfer prediction
for the larger Din=2.20 and 3.04 mm channels is due to the fact that the correlation
was empirically correlated using a R134a heat transfer database acquired under lower
saturation temperature/pressures conditions at Psat ≈ 4 bar, as illustrated in work of
Oh et al. [111] for the Din=2.0 mm channel and Shin et al. [112] for the Din=7.70 mm
channel. An opposite trend however, was observed for R245fa in the Din=2.20 and 3.04
mm channel, with the correlation successfully predicting 91.1% of the data to within
± 30% and a MAE of only 14.1% for the Din=2.20 channel and 98.7% of the data to
within ± 30% with a MAE of only 7.8% for the Din=3.04 mm channel. On the other
hand, the correlation predicted the heat transfer coefficients for R236fa in the Din=3.04
mm channel with 83.3% of the data are to within ± 30% with a MAE of 21.8% but for
the Din=1.03 mm channel, with only 50.9% of the data to within ± 30% prediction. In
summary, the correlation performed well for R134a but not very good for R245fa in the
Din=1.03 mm channel. As for the Din=3.04 mm channel, the correlation predicted the
R236fa and R245fa data with better accuracy. This might be due to the lower pressure
nature of the two fluids, thus coinciding with the heat transfer database of Oh et al. [111]
and Shin et al. [112] acquired at lower saturation pressures.
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Figure 5.30: Experimental heat transfer coefficient comparison with Saitoh et al. [30] corre-
lation for R134a, R236fa and R245fa; (a) Din=1.03 mm channel, (b) Din=2.20 mm and (c)
Din=3.04 mm channel.
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Consolini and Thome [32] recently proposed a one-dimensional heat transfer model of
confined coalescing bubble flow for the prediction of micro-channel convective heat trans-
fer during evaporation. The proposed model assumes the heat transfer to occur only
by conduction through the thin evaporating liquid film trapped between the elongated
bubble and the channel wall. The authors then included a simplified description of the
dynamics of the formation and flow of the liquid film and the thin film evaporation pro-
cess by taking into the account the added mass transfer by breakup of the bridging liquid
slugs. The model performed very well with the heat transfer data for R134a, R236fa and
R245fa in their original database for Din=0.51 and 0.79 mm channels, with a successful
prediction of 83% of their heat transfer database to within ± 30% error band.

Fig. (5.31) illustrates the comparison of the current heat transfer database for R134a,
R236fa and R245fa in the three channels with the model of Consolini and Thome [32].
The model predicted the R134a data in the Din=1.03 mm channel with good accuracy,
with 84.2% of the R134a data to within ± 30% and a MAE of 16.5%. The comparison
for R236fa and R245fa are 49.3% to within ± 30% (MAE of 38.0%) and 44% to within
± 30% (MAE of 37.3%). As a general rule, the model performed well for R134a but only
satisfactorily for R236fa and R245fa. As for the Din=2.20 and 3.04 mm channels, the
prediction method failed to predict the heat transfer database accurately with significant
under predictions observed. This is expected due to the effect of channel size on the two-
phase flow structure, as reported earlier in Chapter 4. According to the their paper, the
interfacial shear, τi presented in the model was empirically correlated with a heat trans-
fer coefficients database for Din=0.51 and 0.79 mm channels. As channel confinement
increase, the interfacial shear is expected to increase as the flow becomes more laminar
in small micro-scale channels. This justifies the lower accuracy of this prediction method
when extrapolated to compare heat transfer results for larger channels.
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Figure 5.31: Comparison of the current experimental heat transfer data for CB flow with
the new Consolini et al. [31, 32] coalescing bubble heat transfer model for R134a, R236fa and
R245fa; (a) Din=1.03 mm channel, (b) Din=2.20 mm and (c) Din=3.04 mm channel.
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5.3.1 The Three-Zone Heat Transfer Model

This section describes and compares the three-zone flow boiling model for evaporation of
elongated bubbles in microchannels proposed by Thome et al. [33, 34] with the current
experimental heat transfer data for R134a, R236fa and R245fa in the Din=1.03, 2.20 and
3.04mm channels. The heat transfer model of Thome et al. [33,34] describes the transient
variation in the local heat transfer coefficient during the sequential and cyclic passage of
(i) a liquid slug, (ii) an evaporating elongated bubble and (iii) a vapor slug. The model
illustrates the importance of the strong cyclic variation in the heat transfer coefficient
and the strong dependency of heat transfer on the bubble frequency, the minimum liquid
film thickness at dry-out and the liquid film formation thickness. The authors concluded
that the heat transfer in the thin film evaporation region is typically on the order of
several times that of the liquid slug while that for the vapor slug is considered to be
nearly negligible. The time-averaged local heat transfer coefficient of a pair (liquid slug
and elongated bubble) or triplet (liquid slug, elongated bubble and vapor slug) passing
by a specific location, z is defined as :

h(z) = tliquid
τ

hliquid(z) + tfilm
τ

hfilm(z) + tdry
τ
hvapor(z) (5.7)

where tliquid, tfilm and tdry refer to the residence times for the liquid slug, liquid film
between the elongated bubble while the wall and the dry-out zone and τ refers to the
pair period. The heat transfer model identified the optimum value of the pair frequency,
fopt to be strongly dependent on the heat flux and a power law was applied to provide
the best fit to the experimental database included in the development of the model:

fopt = ( q

qref
)nf (5.8)

where q refers to the heat flux, qref is the reference heat flux expressed as a function of the
reduced pressure of the fluid and the dimensionless exponent nf=1.74. The authors also
proposed the correcting factor on the initial film thickness, Cδ0=0.29 and the minimum
film thickness, δmin=300 nm. The minimum film thickness, δmin is assumed to be on the
same order of magnitude as the surface roughness.

The comparison of the isolated bubble and coalescing bubble heat transfer data for R134a,
R236fa and R245fa in the Din=1.03, 2.20 and 3.04 mm channels is shown in Fig. (5.32).
The local heat transfer coefficients corresponding to the isolated bubble and coalescing
bubble flow regime have been segregated using the new proposed flow pattern map pre-
sented earlier in Chapter 4.

Fig. (5.33) illustrates another comparison of only the coalescing bubble heat transfer
data for the Din=1.03 and 2.20 mm channels with the Thome et al. [33, 34] three-zone
model, i.e. those most appropriate for the models application. The comparison of the
coalescing bubble heat transfer data is similar to the the results presented in Fig. (5.33),
with marginal over prediction of the current experimental data.

Using the original surface roughness of 300 nm from their paper, the corresponding suc-
cessful predictions for R134a, R236fa and R245fa to within ± 30% in the Din=1.03 mm
channel are 10.2% (MAE of 57.9%), 41.2% (MAE of 44.6%) and 51.1% (MAE of 39.5%).
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For the Din=2.20 mm channel, the values are 25.3% (MAE of 71.0%) for R134a, 58.1%
(MAE of 31.8%) for R236fa and 46.4% (MAE of 35.5%) for R245fa. As for the Din=3.04
mm channel, the model of Thome managed to predict the R236fa and R245fa heat trans-
fer data with good accuracy, where 80.6% of the R236fa data are to within ± 30% with a
MAE of 24.4% and 91.5% of the R245fa data to within ± 30% and a MAE of 16.1%. In
general, the model better predicted the heat transfer results for R236fa and R245fa, but
did not accurately predict the heat transfer data of R134a for all the channels tested.
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Figure 5.32: Comparison of the current experimental heat transfer data with the Thome et
al. three-zone model for R134a, R236fa and R245fa; (a) Din=1.03 mm (IB and CB flow), (b)
Din=2.20 mm (IB and CB flow) and (c) Din=3.04 mm channel (S-P and CB flow) .
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Figure 5.33: Comparison of the current experimental heat transfer data for CB flow with the
Thome et al. [33,34] heat transfer model for R134a, R236fa and R245fa; (a) Din=1.03 mm and
(b) Din=2.20 mm channel.
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As presented earlier in Table 3.4, the root mean square (rms) surface roughness for the
Din=1.03, 2.20 and the 3.04 mm channels are on the order of ≈ 100 % higher than
the original film thickness of 300 nm proposed in the Thome et al. three zone model.
Thus, the original minimum film thickness, δmin values have been replaced with the actual
surface roughnesses measured for the three channels, as shown here in Table 5.1.

Dint (mm) δmin (nm)
1.03 595.8
2.20 826.9
3.04 796.8

Table 5.1: Minimum film thickness, δmin for the Din=1.03, 2.20 and 3.04 mm channels.

Fig. (5.34) illustrates the new comparisons of the present experimental database using the
modified values of δmin. For instance, the Thome et al. three-zone model now predicts
86.6% of the R134a data to within ± 30% (MAE of 31.8%), 73.3% of the R236fa data to
within ± 30% (MAE of 24.9%) and 68.0% of the R245fa data to within ± 30% (MAE of
24.7%) for the Din=1.03 mm channel, as shown in Fig. (5.34)a. As for the Din=2.20 mm
channel, the model predicted 83.2% of the R134a data to within ± 30% (MAE of 26.4%),
94.3% of the R236fa data to within ± 30% (MAE of 13.6%) and 76.9% of the R245fa
data to within ± 30% (MAE of 22.0%). The comparison of the S-P and CB flow heat
transfer results for the Din=3.04 mm channel is shown in Fig. (5.34)c. In general, the
model predicted 78.2% of the R134a S-P and CB flow heat transfer data in the Din=3.04
mm channel to within ± 30% (MAE of 26.0%). As for R236fa and R245fa, the model
predicted 90.7% of the R236fa data to within ± 30% (MAE of 21.1%) and 96.4% of the
R245fa data to within ± 30% (MAE of 11.3%).
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Figure 5.34: Comparison of the current CB flow experimental heat transfer data with the
Thome et al. three-zone model for R134a, R236fa and R245fa; (a) Din=1.03 mm (CB flow),
(b) Din=2.20 mm (CB flow) and (c) Din=3.04 mm channel (S-P and CB flow).

Summary
The three-zone model performed well in the prediction of CB flow heat transfer coefficients
in the Din=1.03 and 2.20 mm channels and the S-P and CB flow in the Din=3.04 mm
channel with the modified δmin parameter. As illustrated in the results, the accuracy of
the heat transfer prediction by the three-zone model is highly dependent on the defined
surface roughness value of the individual channels. The same conclusion was arrived by
Agostini et al. [39], who managed to predict their experimental data for silicon multi-
microchannels with 90% predicted to within ± 30% for R245fa by incorporating the
actual surface roughness of the multi-microchannels tested. In many existing micro-scale
channel evaporation experimental studies, the surface roughness value of the channels
are often not specified and the original δmin value was assumed. This justifies the lower
accuracy of the three-zone model, as reported by some researchers when comparing the
method’s prediction against their own heat transfer data. It should also be noted that
the three-zone model was developed for slug flows and thus, should only be compared
against heat transfer coefficients corresponding to coalescing bubble flows and not for the
annular flow regime. In conclusion, the present analysis demonstrates the importance
to report the surface roughness in microchannel flow boiling papers, and also it can be
concluded the difference in the published results from one study to another is probably
due to the surface roughness effect.
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Chapter 6

Two-Phase Pressure Drop

This chapter presents the current experimental adiabatic two-phase pressure drop data
acquired during this experimental campaign. The pressure drop data shown here in this
chapter correspond to refrigerants R134a, R236fa and R245fa in the Din=1.03, 2.20 and
3.04 mm channels. As mentioned previously in Chapter 5, the main purpose of this
investigation is to study the effects of channel confinement, heat flux, mass velocity,
saturation temperatures, sub-cooling and the effects of the working fluid properties on
adiabatic two-phase pressure drops through the slight glass installed adjacent to the outlet
of the evaporator.

First, a single phase pressure drop validation was performed using the two absolute pres-
sure transducers installed at the test section inlet and outlet. As for the adiabatic two-
phase pressure drop measurements through the sight glass, the test section outlet absolute
pressure transducer and a 2 mm type K thermocouple was used to measure the exit pres-
sure. The 250 µm type K thermocouple located at the evaporator exit (inlet of the sight
glass) is used to directly measure the fluid saturation temperature at the evaporator out-
let. The measuring technique and the data reduction process is presented in detail in
Chapter 3.

6.1 Single-Phase Validation

This section presents the single-phase pressure drop measurements performed to vali-
date the pressure drop measurements across the test section. The single-phase pressure
drop measurements have been conducted under sub-cooled liquid inlet-outlet conditions
without sub-cooled boiling in the test section. Fig. (6.1)a and Fig. (6.2)a illustrates the
experimental single-phase frictional pressure loss for R134a and R245fa compared to con-
ventional pressure drop correlations from literature. The laminar flow data was compared
to the well known Hagen-Poiseuille number, 64/Re for fully developed laminar flow and
the Shah and London correlation [113] for developing flow. The Fanning friction factor
did not compare well with the Hagen-Poiseuille number but is well predicted by the Shah
and London correlation for developing flow.

The friction factor for turbulent flow compared well with the correlation by Philips [114]
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and the well known Blasius equation, with 100% of the data to within ±10% prediction.
For illustration purposes, the results comparison for the Din=1.03 mm channel is shown
in Fig. (6.1)b and Fig. (6.2)b. Not shown here in the manuscript, similar results were
also found for the Din=2.20 and 3.04 mm channels with good predictions with the Shah
and London correlation for developing flow.
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Figure 6.1: (a) Single-phase friction factor for R134a in the Din=1.03 mm channel and (b)
Experimental versus Prediction.
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Figure 6.2: (a) Single-phase friction factor for R245fa in the Din=1.03 mm channel and (b)
Experimental versus Prediction.
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6.2 Adiabatic Two-Phase Pressure Drops

6.2.1 Effects of Channel Confinement

Fig. (6.3) and Fig. (6.4) depicts the comparison of the two-phase pressure gradient data
for R236fa and R245fa in the Din=1.03 and 3.04 mm channels corresponding to different
confinement numbers. The results indicate that the two-phase pressure drop gradient is
higher for higher channel confinement, as shown here for both R236fa and R245fa. The
same trend was also observed for R134a and the results are not shown here.
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Figure 6.3: Two-phase pressure drops for R236fa in the Din=1.03 and 3.04 mm channels at
Tsat=31 oC; (a)Din=1.03 mm, Co=0.83 and (b) Din=3.04 mm, Co=0.28.

Referring to Fig. (6.3) and Fig. (6.4), it can be seen that the pressure gradient increases
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Figure 6.4: Two-phase pressure drops for R236fa in the Din=1.03 and 3.04 mm channels at
Tsat=31 oC; (a)Din=1.03 mm, Co=0.99 and (b) Din=3.04 mm, Co=0.34.

with vapor quality until it reaches a peak before a decreasing trend is observed at higher
vapor qualities. This is evident for both R236fa and R245fa in the Din=3.04 mm channel.
With increasing channel confinement, the peak shifts to higher vapor qualities as can be
seen in the Din=1.03 mm channel.
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6.2.2 Effects of Fluid Properties

This section presents the experimental two-phase frictional pressure drop for R134a,
R236fa and R245fa in the Din=1.03, 2.20 and 3.04 mm channels to study the effects of
the different fluid properties on the two-phase frictional pressure drop. The comparison
of the experimental two-phase pressure drops for the three refrigerants in the Din=1.03
channel are shown in Fig. (6.5), where the two-phase pressure gradient is the highest for
R245fa, followed by R236fa and then R134a. This is as expected as the liquid viscosity
of R236fa is on the order of ≈ 46.5% higher than that of R134a and is ≈ 108.7% higher
than that of R134a for R245fa as shown in Fig. (5.10).

On the other hand, the vapor density for R245fa and R236fa at the same saturation
temperature is ≈ 72.8% and ≈ 42.4% lower than that of R134a respectively. The liquid
density of R245fa and R236fa is also marginally higher than that of R134a, which is on
the order of ≈ +11.7% and ≈ +13.2%. The lower vapor density and a higher liquid
phase density for both R236fa and R245fa thus contributes to the higher pressure drop
observed in the experiments. This explains the higher pressure drop for R236fa and
R245fa observed for the Din=1.03, 2.20 and 3.04 mm channels, the latter data shown in
Fig. (6.6).
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Figure 6.5: Two-phase pressure drops for R134a, R236fa and R245fa in the Din=1.03 mm
channel at Tsat=31 oC; (a) R134a, (b) R236fa and (c) R245fa.
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Figure 6.6: Two-phase pressure drops for R134a, R236fa and R245fa in the Din=3.04 mm
channel at Tsat=31 oC; (a) R134a, (b) R236fa and (c) R245fa.

6.2.3 Effects of Saturation Temperature

The effect of saturation temperature on the two-phase pressure was investigated during
the course of this research campaign. It was widely reported that the two-phase pressure
drop decreases with increasing saturation temperature or pressure, which also corresponds
to a lower confinement numbers. This trend is justified when viscosity decreases with
increasing saturation temperature, thus reducing the frictional pressure drop. In other
words, the liquid-vapor density ratio decreases with increasing pressure or saturation
temperature. The current experimental pressure drop results for all the three fluids
tested conforms well with the smaller pressure drop trend reported in literature for higher
saturation temperatures. The comparison of the two-phase pressure drop results for
R236fa at Tsat=25 and 31 oC in the Din=2.20 mm channel is shown in Fig. (6.7).

6.2.4 Effects of Mass Mass Velocity

As shown previously in Fig. (6.5) and Fig. (6.6), the two-phase pressure drop uniformly
increased with mass velocity. This behavior was observed for all three fluids, in all the
three channels tested. In summary, the increase in the frictional two-phase pressure drop
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seems to agree with the trends observed in conventional macroscale channels.
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Figure 6.7: Two-phase pressure drops for R236fa in the Din=2.20 mm channel; (a) Tsat=25
oC and (b) Tsat=31 oC.
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6.3 Two-Phase Pressure Drops Comparison

This section compares the current experimental data with various existing macro-scale
and micro-scale pressure drop models and correlations from literature. The two-phase
pressure gradient comparisons include 8 conventional macroscale pressure drop prediction
methods, namely the homogeneous and separated flow models as illustrated in Fig. (6.10)-
Fig. (6.13) and 4 microscale pressure drop prediction methods, as shown in Fig. (6.16)-
Fig. (6.19).

Fig. (6.10)-Fig. (6.9) depicts the comparison of the current experimental two-phase pres-
sure data with the homogeneous model. The homogeneous viscosity definition, µh used in
the comparison includes the homogeneous viscosity definition proposed by McAdams(1942),
Cicchitti(1960), Dukler(1964) and Owens(1961). The homogeneous two-phase viscosity
definitions proposed by McAdams(1942), Cicchitti(1960), Dukler(1964) and Owens(1961)
are shown respectively in Eq. (6.1)-Eq. (6.4):

McAdams definition
µH = (1− x

µL
+ x

µV
) (6.1)

Cicchitti definition
µH = (1− x)µL + xµV (6.2)

Dukler definition
µH = ρH((1− x)µL + xµV ) (6.3)

Owens definition
µH = µL (6.4)

Comparing the four viscosity definitions, the homogeneous viscosity proposed by Cic-
chitti(1960) yields the best prediction with 76.9% data within ± 50 % prediction (MAE
of 31.4%), followed by Owens(1961) with 70.1% data within ± 50 % prediction (MAE
of 35.2%). The homogeneous viscosity definition proposed by McAdams(1942) managed
to predict only 57.4% data within ± 50 % prediction (MAE of 46.8%) and Dukler(1964)
with only 46.8% data within ± 50 % prediction (MAE of 50.5%).

Fig. (6.12) depicts the experimental pressure drop comparison with the Lockhart-Martinelli
[115] separated flow model for macroscale flows. The prediction method compared fairly
well with the current experimental data with 75.6% data within ± 50 % prediction (MAE
of 40.5%). On the other hand, Fig. (6.13) illustrates the comparison of the current exper-
imental data with the macroscale correlation of Baroczy [116] and Chisholm [117]. This
prediction method managed to predict 83.3% of the data to within ± 50 % with a MAE
of 29.6%. The Baroczy-Chisholm correlation is by far the best macroscale prediction
method with the highest accuracy with the lowest mean absolute error.
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Figure 6.8: Homogeneous Cicchitti prediction: 76.9% data within ± 50 % prediction (MAE
of 31.4%).
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Figure 6.9: Homogeneous Owens prediction: 70.1% data within ± 50 % prediction (MAE of
35.2%).
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Figure 6.10: Homogeneous McAdams prediction: 57.4% data within ± 50 % prediction (MAE
of 46.8%).
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Figure 6.11: Homogeneous Duckler prediction: 46.8% data within ± 50 % prediction (MAE
of 50.5%).
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Figure 6.12: Lockhart-Martinelli prediction: 75.6% data within ± 50 % prediction (MAE of
40.5%).
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Figure 6.13: Baroczy-Chisholm prediction: 83.3% data within ± 50 % prediction (MAE of
29.6%).
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Fig. (6.14) shows the comparison of the two-phase pressure gradient with the macro-
scale Friedel [118] correlation. The correlation managed to predict 78.1% of the current
experimental data within ± 50 % prediction with a MAE of 34.2%. The comparison
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Figure 6.14: Friedel prediction: 78.1% data within ± 50 % prediction (MAE of 34.2%).

with the macro-scale Muller-Steinhagen and Heck et al. [91] correlation is illustrated in
Fig. (6.15). This correlation predicted 74.2% data within ± 50 % prediction with a MAE
of 35.6%.
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Figure 6.15: Muller-Steinhagen and Heck prediction: 74.2% data within ± 50 % prediction
(MAE of 35.6%).
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The following section compares the current experimental two-phase pressure gradients
with 4 microscale pressure drop prediction methods by Mishima-Hibiki [92], Tran et
al. [86], Zhang-Mishima [119] and Sun-Mishima [120]. The correlation of Mishima et
al. [92] was based on the modification of the Lockhart-Martinelli correlation to better fit
the microscale data. The authors proposed a method to calculate the constant C, which
they correlated as:

C = 21[1− exp(−0.319Din)] (6.5)

In a later version, Zhang-Mishima [119] proposed a version to evaluate the constant, C
based on the Laplace constant, La.

C = 21[1− exp(−0.358
La

)] (6.6)

La = 1
Din

[ σ

g(ρL − ρV ) ]0.5 (6.7)

Another version by Sun-Mishima [120] correlates the C parameter as:

C = 1.79X−1.19(ReV O
ReLO

)0.4(1− x
x

)0.5 (6.8)

The comparisons of the current experimental data with the correlations of Mishima-Hibiki
[92], Zhang-Mishima [119] and Sun-Mishima [120] are shown in Fig. (6.16), Fig. (6.17)
and Fig. (6.18), respectively. Among the three correlations, the C parameter by Sun-
Mishima Eq. (6.8) yielded the best prediction with 72.6% of the data within ± 50 %
prediction (MAE of 39.3%), followed by Zhang-Mishima Eq. (6.6) predicting 70.3% of
the data within ± 50 % prediction (MAE of 42.7%). The correlation by Mishima-Hibiki
Eq. (6.5) is the least accurate among the three and managed to predict only 61.4% data
within ± 50 % prediction with a MAE of 44.4%.

Fig. (6.19) depicts the current experimental data comparison with the correlation of Tran
et al. [86], which is a modification of of the Baroczy-Chisholm [116] correlation adapted
for microscale pressure drop predictions. The correlation only managed to predict 42.8%
of the current experimental data to within ± 50 % prediction with a relatively high MAE
of 71.6%. The comparison is shown in Fig. (6.19).
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Figure 6.16: Mishima Hibiki prediction: 61.4% data within ± 50 % (MAE of 44.4%).
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Figure 6.17: Zhang Mishima prediction: 70.3% data within ± 50 % (MAE of 42.7%).
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Figure 6.18: Sun-Mishima prediction: 72.6% data within ± 50 % (MAE of 39.3%).
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Figure 6.19: Tran et al. prediction: 42.8% data within ± 50 % (MAE of 71.6%).



150 Two-Phase Pressure Drop

6.4 Summary

Summarizing in brief, the Baroczy-Chisholm [116] method yields the best prediction of
the current experimental data, followed by the Friedel [118] method. The homogeneous
model using the Cicchitti two-phase viscosity definition ranks third among the macroscale
prediction methods presented in this chapter. The separated flow model of Lockhart-
Martinelli [115] and Muller Steinhagen-Heck prediction methods are also fairly accurate
in predicting these miniscale pressure drop data. As for the microscale pressure drop
prediction methods, the Sun-Mishima [120] and Zhang-Mishima [119] methods yield the
best predictions of our current pressure drop data.



Chapter 7

Film Thickness Measurement

As described earlier in Section 3.4.6, the high speed flow visualization videos acquired
during the experimental campaign were processed to obtain a ’qualitative’ comparison
of the film thicknesses at the top and bottom of the channel. The work is reported in
the chapter. The image processing toolbox of MATLAB was used to directly process the
images, in order to determine the liquid-vapor interface at the top and bottom part of
the channel.

7.1 Objective

The main objective for this analysis is to study the effect of channel confinement on the
film stratification by comparing the film thickness at the top to the bottom of the channel.
The aim is thus to define the lower threshold of the macro-to-microscale transition by
investigating the dominance of surface tension forces against gravity forces according to
the confinement number, Co, e.g. by determining when gravity no longer affects the film
thickness. As for the two larger channels, it was clearly observed that film stratification
effects are present and the bottom liquid film thickness is much thicker in comparison
to the top liquid film as shown previously in Chapter 4. Thus, only the high speed
images corresponding to the highest confinement numbers; i.e. Co=0.83 for R236fa and
Co=0.99 for R245fa in the Din=1.03 mm channel are processed for liquid film thickness
comparisons here.

7.2 Experimental Setup

The high speed images of the flow visualization videos have been acquired through the
use of a PHOTRON Ultima APX high speed, high resolution camera positioned at the
inlet of the sight glass. To provide sufficient background lighting for the high speed video
acquisition, a continuous halogen light source was positioned at the rear side of the sight
glass at mid-plane. A diffusive filter paper is positioned between the light source and
sight glass to diffuse the light source and to obtain a soft lighting effect. The high speed
videos were acquired at a rate of 4,000 fps. The images were then post processed with a
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MATLAB image processing code to detect the liquid-vapor bubble interface and compute
the top and bottom liquid layer film thickness in terms of the number of image pixels.

7.3 Image Processing Algorithm

Central to the determination of the top and bottom liquid layer film thickness is the edge
detection of the liquid-vapor bubble interface and the liquid-wall boundary. Thus, the
core of the image processing algorithm is to detect the liquid-vapor interface by locating
the pixel which has the peak gradient in light intensity in the vertical direction. In
the preprocessing stage, the raw images are converted into gray scale (intensity images)
that contains intensity values in the range of 0 to 255. A two-dimensional Gaussian
low-pass filter is applied to the image to smoothen the image and reduce the image
noise. Due to the linearity of the convolution sum, the convolution was performed as two
one-dimensional sums instead of one two-dimensional sum. The filtering was achieved
by the averaging operation where the values are normalized by dividing each term in
the kernel by the sum of all terms in the kernel. In the current analysis, two 1 x 3
filters, one applied horizontally and one vertically and a standard deviation, Sx=2 pixels
was applied to smoothen the images. The images were then processed to determine the
intensity gradient in the vertical Y-direction corresponding to a given pixel coordinate,
X to detect the liquid-wall boundaries and liquid-vapor interfaces by locating the peak in
the maximum and minimum values from the image gradient data.

7.4 Calibration

The most critical parameter needed for the evaluation of the liquid film thickness (in pix-
els) is to accurately calibrate and determine the wall boundaries in full single-phase flow.
The purpose of the image calibration procedure is to exactly determine the pixel position
corresponding to the internal and external boundaries of the channel wall without the
presence of vapor bubbles. In this study, 100 images of the channel corresponding to full
liquid flow were processed to detect the wall boundaries. Fig. (7.1) illustrates the inten-
sity gradient plot along the solid red line, as shown in the wall image for R236fa in the
Din=1.03 mm channel. The relative pixel positions corresponding to the internal and ex-
ternal wall boundaries are then evaluated from the image calibration process. The vertical
pixel positions corresponding to the internal top and bottom wall boundary are defined as
Ywall,top and Ywall,bottom. The top and bottom liquid-vapor interface is then determined by
evaluating the intensity gradients vertically (from the top to bottom) between the inner
wall boundaries of the real-time flow visualization images. The top liquid-vapor interface
is determined by locating the pixel with a minimum intensity gradient while a maximum
gradient corresponds to the bottom liquid-vapor interface. The curvature of the vapor
bubble interface causes a slightly darker pixel with lower intensity, a light refraction and
reflection phenomena due to the dissimilar liquid and vapor phase densities. With the
identification of the liquid-vapor interface, it is then possible to evaluate the liquid film
thickness (in pixels) by subtracting the top and bottom liquid-vapor interface pixel posi-
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Figure 7.1: Full liquid image calibration for the Din=1.03 mm channel.

tions with the wall pixel boundaries. The results allows only a ’qualitative’ comparison
of the film thicknesses at the top and bottom, since the magnification effect of the glass
is not accounted for and because of the limited number of pixels representing the liquid
film thickness.

7.5 Effect of Mass Velocity

This section presents the effects of mass velocity on the liquid film thickness for R236fa
and R245fa at G ≈600 kg/m2s. Fig. (7.2) shows the film thickness results for R236fa
at Tsat=31 oC. From the results, it is clear that liquid film stratification effects are still
present and significant even at higher mass velocities as illustrated in Fig. (7.2).
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(a) (b)

(c) (d)

Figure 7.2: Top and bottom liquid film thickness for R236fa in the Din=1.03 mm channel at
Tsat=31 oC, G=603 kg/m2s; a) q=7.1 kW/m2, x=0.03, (b) q=10.3 kW/m2, x=0.06, (c) q=13.9
kW/m2, x=0.09 and (d) q=23.2 kW/m2, x=0.16.

The liquid film thickness comparison for R245fa at the same approximate conditions is
shown in Fig. (7.3). Here, instead, the top and bottom liquid film thickness are similar in
magnitude, except for some wavy interfacial structure caused by the bubble coalescence
process. In general, it is sufficient to conclude that the microscale threshold is reached
when confinement number, Co ≈1 as shown in the results.



7.5. Effect of Mass Velocity 155

(a) (b)

(c) (d)

Figure 7.3: Top and bottom liquid film thickness for R245fa in the Din=1.03 mm channel at
Tsat=31 oC, G=599 kg/m2s; a) q=9.9 kW/m2, x=0.04, (b) q=11.5 kW/m2, x=0.05, (c) q=17.8
kW/m2, x=0.08 and (d) q=22.6 kW/m2, x=0.11.
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7.6 Film Thickness Comparison

Fig. (7.4) depicts the comparison of the top and bottom liquid film thickness (in pixels)
of an elongated slug bubble for R236fa in the Din=1.03 mm channel at Tsat=31 oC. The
liquid film thickness is evaluated along the X-pixel position illustrated by the solid red
line during the passage of the bubble. Processing the image, the liquid film thickness
at the bottom of the channel is thicker than the liquid film observed for the top portion
of the channel. The confinement number for R236fa at G=100 kg/m2s and Tsat=31 oC
corresponds to Co=0.83. Fig. (7.4)a, corresponds to the IB flow regime while Fig. (7.4)b
and Fig. (7.4)c correspond to the CB flow regime. In all three cases, mild liquid film
stratification to the bottom of the channel is observed. In Fig. (7.4)a, the liquid film is
about 3 times thicker at the bottom than the top, illustrating a significant stratification
effect. Fig. (7.4)b and Fig. (7.4)c illustrate again significant stratification and showed
that the image processing technique is able to pick up the frequency of the interfacial
waves and an approximate idea of their relative magnitudes. At higher vapor qualities,
where Fig. (7.4)d corresponds to the annular flow regime, the mean liquid film thickness
at the bottom of the channel is still on the order of 2 times thicker in comparison to the
liquid film at the top portion of the channel. From the results illustrated in Fig. (7.4), it
is conclusive that the effect of gravity is still dominant compared to the surface tension
forces.

(a)
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(b)

(c)

(d)

Figure 7.4: Top and bottom liquid film thickness for R236fa in the Din=1.03 mm channel at
Tsat=31 oC, G=100 kg/m2s; a) q=5.1 kW/m2, x=0.208, (b) q=7.9 kW/m2, x=0.33, (c) q=11.3
kW/m2, x=0.49 and (d) q=15.2 kW/m2, x=0.69.
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Fig. (7.5) depicts the results of the liquid film thickness for R245fa at G=100 kg/m2s
and Tsat=31 oC corresponding to Co=0.99. Fig. (7.5)a corresponds to the IB flow regime
while Fig. (7.5)b illustrates the film thickness in the CB flow regime and Fig. (7.5)c shows
the annular flow regime. In the IB regime, the top liquid film thickness is observed to be
thinner than the liquid film at the bottom. In the CB and annular flow regime for higher
vapor qualities, the liquid film thickness at the top and bottom are instead comparable
in magnitude. This indicates the dominance of the surface tension forces over gravity
when Co ≈ 1.0 in the latter two regimes but not yet in the first regime. Hence, if one
wished to define the lower threshold of the macro-to-microscale transition as the point
where buoyancy effects disappear, then this threshold is shown here to be a function of
flow regime, and not only the value of Co.

(a)

(b)



7.6. Film Thickness Comparison 159

(c)

Figure 7.5: Top and bottom liquid film thickness for R245fa in the Din=1.03 mm channel at
Tsat=31 oC, G=100 kg/m2s; a) q=5.4 kW/m2, x=0.16, (b) q=12.1 kW/m2, x=0.41 and (c)
q=15.9 kW/m2, x=0.57.

Fig. (7.6) on the other hand illustrates the film thickness results for R236fa at G=199
kg/m2s and Tsat=31 oC. As expected, the top liquid film thickness is much thinner in
comparison with the bottom liquid film thickness, as illustrates in Fig. (7.7)a,b and c.
At higher vapor qualities, the top and bottom film thicknesses appear to be similar in
magnitude but wavier at the bottom. Again, the flow pattern effect on the uniformity of
the flow is still very evident, showing that the macro-microscale transition is a function
of flow pattern, and not just the value of Co.

(a)
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(b)

(c)

(d)
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(e)

(f)

Figure 7.6: Top and bottom liquid film thickness for R236fa in the Din=1.03 mm channel
at Tsat=31 oC, G=200 kg/m2s; a) q=7.9 kW/m2, x=0.16, (b) q=11.2kW/m2, x=0.25, (c)
q=13.2 kW/m2, x=0.29, (d) q=15.2 kW/m2, x=0.35, (e) q=20.1 kW/m2, x=0.48 and (f) q=31.1
kW/m2, x=0.68.
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The liquid film thickness comparison for R245fa for the same condition is shown in
Fig. (7.7). Referring to the results shown here, it is clearly observed that the magni-
tude of the liquid film thickness corresponding to the top and bottom side is similar
in magnitude with the mean difference ≈ 1 pixel. Thus, this indicates no influence of
gravity on the two-phase distribution but rather the dominance of surface tension forces
acting on two-phase flow at the value of Co=0.99, as opposed to that of the conditions
in ??. Hence, again the lower value of Co does not appear to be able to define the lower
threshold of the macro-to-microscale transition.

(a)

(b)
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(c)

(d)

(e)

Figure 7.7: Top and bottom liquid film thickness for R245fa in the Din=1.03 mm channel at
Tsat=31 oC, G=199 kg/m2s; a) q=9.6 kW/m2, x=0.15, (b) q=15.0kW/m2, x=0.26, (c) q=17.6
kW/m2, x=0.31, (d) q=22.5 kW/m2, x=0.41 and (e) q=25.4 kW/m2, x=0.46.
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7.7 Summary of Macro-to-Microscale Transition

In summary, it was observed that the gravity forces are fully suppressed and overcome by
the surface tension forces when confinement number approaches 1, Co ≈1, where the top
and bottom liquid film thicknesses are similar in magnitude. This can be interpreted as
the lower threshold of the macro-to-microscale transition. However, there still seems to
be some flow pattern effects on this threshold, with elongated bubbles still more buoyant
than annular flows. Hence, as an approximate rule, one could assume that the lower
threshold of macroscale flow is Co=0.3 - 0.4 whilst the upper threshold of microscale flow
is Co ≈1, with a transition region in between, i.e. 0.3 - 0.4 ≤ Co ≤ 1.0. In Chapter
2, the recommended range for macro-to-microscale transition by Li et al. [41] for flow
condensation is 0.57 < Co < 4.5, with the lower threshold of macroscale flow being
similar to the value proposed here.



Chapter 8

Critical Heat Flux

The objective of this part of the study is to investigate the macro-microscale evapora-
tive two-phase flow transition on critical heat flux, CHF. Our current experimental CHF
campaign covers a wide range of test conditions involving three fluids, primarily to study
the effects of channel size, saturation temperature, mass flux, fluid properties and inlet
sub-cooling on CHF (note: all CHF tests occur in the saturated zone of the channel).
After presenting the new experimental results, the comparison of the new CHF database
with various CHF prediction methods is presented in the following sub-sections of this
chapter. Then, an improved CHF correlation is proposed with the inclusion of the thresh-
old diameter Dth and the viscosity ratio term. The threshold diameter, Dth is evaluated
based on the Confinement number, Co=0.5 proposed by Kew et al. [49]. The confinement
number is related to the Bond number, Bo= 1

Co2 =4 which represents the force balance be-
tween gravitational and surface tension forces. The new method is shown to cover heated
hydraulic diameters in the range from 0.35 mm to 3.04 mm in circular and non-circular
channels.

8.1 Experimental CHF Results

As described earlier in Chapter 3, the CHF was determined with the last thermocouple
located just 1 mm from the evaporator outlet electrode. Upon reaching the onset of
dryout, significant wall temperature fluctuations were observed at the last thermocouple
location. For consistency reasons, the CHF criteria is reached when wall temperature
fluctuations were observed and the wall superheat exceeds 40 K during small increments
in heat flux. The supplied power to the electrodes is automatically cut once the CHF
criteria is reached to avoid test section burnout. This criteria has been adopted for all
the CHF experiments performed during this experimental campaign for all the three
refrigerants and channels tested. For illustration purposes, Fig. (8.1) shows the evolution
of the wall superheat as a function of heat flux for R134a in the Din=1.03 mm channel.
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Figure 8.1: CHF criteria for R134a in the Din=1.03 mm channel at Tsat=31 oC and G=928
kg/m2s.

Referring to Fig. (8.1), the onset of dryout was reached when the wall superheat increased
to Twall,sp ≈18.8 K for q=220.9 kW/m2 and that the CHF is reached when the heat flux
increased to q=221.2 kW/m2 with the wall superheat reaching Twall,sp ≈40.1 K. This
indicate that the current CHF criteria defined when Twall,sp ≈40 K is appropriate and
that increasing the CHF criteria for higher wall superheats will not have any significant
effect on the measured absolute CHF values.

8.1.1 Effects of Mass Velocity and Channel Diameter

This section presents the CHF results for refrigerants R134a, R236fa and R245fa in the
Din=1.03, 2.20, 3.04 mm channels, as shown in Fig. (8.2). From the experimental CHF
results, the CHF increased with increasing mass velocity for all the three fluids in all the
three channels tested. This increasing CHF trend with mass velocity was also observed
and reported by the following researchers [19,21,39,43,121–123]. Referring to Fig. (8.2)a
and b, an increasing and diverging CHF trend can be observed as the channel size de-
creases. It was observed that there is no channel size effects on the CHF for the range of
mass velocity of up to G=500 kg/m2s. Above G=500 kg/m2s, the CHF values diverge
and a higher CHF value is observed for the smaller Din=1.03 mm channel for R134a and
R236fa, but was not observed for R245fa for the range of mass velocity tested.

The increasing CHF trend is consistent with the findings of Celata and coworkers [94],
who studied geometrical effects on CHF in subcooled flow boiling conditions with water
as the working fluid. Bergles et al. [19, 21, 95] observed in their experimental study that
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CHF increases in a non-linear fashion as the channel diameter decreases. Nariai et al. [22]
concluded from their experiments that CHF increases at high mass flux with a decrease
in the tube diameter. At low mass fluxes however, the effects of diameter on the CHF
disappear. The rise on the magnitude of CHF is attributed to the dependency of CHF on
channel confinement and the dominance of surface tension and viscosity over gravitational
and inertia forces in microscale tubes.

The comparison of the current CHF data with the CHF database of Wojtan et al. [23]
for R134a in the Din=0.51, 0.79, 1.03, 2.20, 3.04 mm is illustrated in Fig. (8.3). By
universally comparing the CHF values for the five channels, the results show an increase
in CHF with decreasing channel size. The CHF trend was also observed to have reached
a ’peak’, for the Din=0.79 and 1.03 mm channels. Among the channels, the CHF values
for the Din=0.79 and 1.03 mm channels channels were the highest CHF values, followed
by the Din=2.20 mm and the lowest being the Din=0.51 and 3.04 mm channels. From
the results, CHF increases when the channel size decreases before reaching a threshold
diameter (on the order of the value of Dth, followed by a decreasing CHF trend for
further decrease in channel size. This behavior is explained again by Bergles et al. [96]
that CHF increased with decreasing diameter according to the hydrodynamic theory but
also claimed that CHF cannot increase indefinitely as the diameter is decreased from
macro-microscale. The authors hypothesized that the breakdown in increasing CHF
would be expected at some very small channel diameter when the liquid film around the
wall ruptures due to the departure from thermal-hydraulic equilibrium. Instead, here it
seems to be related to ’confinement’ of the flow.

8.1.2 Effects of Saturation Temperature

A series of experiments were performed in order to identify the effects of saturation
temperature on CHF. Fig. (8.4) presents the CHF results for the three fluids tested in
the Din=2.20 mm channel under various saturation temperatures. Based on the results
in Fig. (8.4)a and b, CHF for R134a and R236fa is observed to be mildly affected by the
saturation temperature, registering a lower CHF with increasing saturation temperature
for a given mass velocity. This is due to a smaller latent heat at higher saturation
temperatures. However, the trend was not clearly observed for R245fa for the mass
velocity conditions tested as the temperature variation is small and the low pressure
characteristics of this fluid. The CHF results for R134a and R236fa in the larger Din=3.04
mm channel are depicted in Fig. (8.5). The results indicated no effect of saturation
temperature/pressure at the lower range of mass velocities for both R134a and R236fa.
However, the CHF trend for R134a diverged when G > 800kg/m2s and a slight increase in
CHF was observed for Tsat=31 oC, as shown in Fig. (8.5)a. This trend was also observed
by Vandervort and Bergles [19] and Ornatskii et al. [124], who reported a decrease in
CHF with increasing pressure for a given fluid.
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Figure 8.2: CHF comparison for R134a, R236fa and R245fa in the Din=1.03, 2.20, 3.04 mm
channels at Tsat=31 oC; (a) R134a, (b) R236fa and (c) R245fa.
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Figure 8.3: CHF comparison for R134a in the Din=0.51, 0.79, 1.03, 2.20, 3.04 mm channels
at Tsat=31 oC.
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Figure 8.4: Effects of saturation temperature for R134a, R236fa and R245fa in the Din=2.20
mm channel at Tsat=25, 31, 35 oC; (a) R134a, (b) R236fa and (c) R245fa.
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Figure 8.5: CHF comparison for R134a and R236fa in the Din=3.04 mm channel at Tsat=31,
35 oC; (a) R134a and (b) R236fa.
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8.1.3 Effects of Fluid Properties

The CHF results for the three refrigerants R134a, R236fa and R245fa at Tsat=31 oC are
shown in Fig. (8.6). From the results, R245fa registered the highest CHF value compared
to R134a for a given mass velocity while R236fa registered the lowest CHF in comparison
with the two other fluids. This was expected as the latent heat of R236fa is lower that
that of R134a by -17.3% at Tsat=31 oC, while the latent heat of R245fa exceeds the value
of R134a by 8.5%. The latent heat difference corresponds very well to the CHF trends
observed, with R245fa distinguishing itself as the best fluid due to its higher latent heat,
followed by R134a and R236fa.

0 200 400 600 800 1000

50

100

150

200

250

C
ri

ti
ca

l H
ea

t 
F

lu
x 

(k
W

/m
2 )

Mass Velocity [kg/m2s]

D
in

=1.03 mm, T
sat

=31°C

 

 

R134a
R236fa
R245fa

(a)

Fig. (8.7) illustrates another CHF comparison for the three fluids in the Din=2.20 and
3.04 mm channels for various saturation temperatures. The same trends were observed
here for both cases, with R245fa yielding the highest CHF value followed by R134a and
R236fa.
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Figure 8.6: CHF comparison for R134a, R236fa and R245fa at Tsat=31oC; (a) Din=1.03 mm,
(b) Din=2.20 mm and (c) Din=3.04 mm.
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Figure 8.7: CHF comparison for R134a, R236fa and R245fa in the Din=2.20 and 3.04 mm
channels; (a) Din=2.20 mm, Tsat=25oC and (b) Din=3.04 mm, Tsat=35oC.
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8.1.4 Effects of Sub-cooling

The effects of inlet sub-cooling on saturated CHF was investigated in this experimental
campaign, with the results illustrated in Fig. (8.8). From the results, it was observed
that there is no effect of inlet sub-cooling on CHF for the range of conditions tested.
This agrees to the fact that sub-cooling effects on heat transfer diminishes when channel
diameter decreases. From the literature, it is known that a higher level of sub-cooling in
the incoming liquid requires a higher heat flux to initiate and to sustain bubble activity.
As the bubbles grow in macroscale channels, the bubbles are in contact with the sub-
cooled liquid core causing condensation at the liquid-vapor interface. The departing
bubbles then condense rapidly depending on the level of liquid sub-cooling in the core.
However, this phenomenon diminishes in the microscale as the bubbles quickly grow and
occupy most of the channel. However, the effects of sub-cooling on CHF might be visible
at higher levels of sub-cooling, when the bubbles experience an increased condensation
rate while they are still attached to the heater surface resulting in small bubble departure
diameters. All the CHF results here have CHF occurring in the saturated zone of the
heated test section and it appears that CHF initiates at or near the exit like in macroscale
tests.
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Figure 8.8: Effects of sub-cooling on CHF in the Din=3.04 mm channel.
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8.1.5 Effects of Flow Pattern

Using the diabatic flow pattern map presented in Chapter 4 in this thesis, the CHF
data were analyzed using the exit vapor qualities to determine the local regime at CHF.
According to this evaluation, all CHF data fall within the annular flow regime.

8.2 Comparison of Results to Existing CHFMethods

This sub-section shows the comparison of the current CHF data with the CHF prediction
methods of Wojtan et al. [23], Qi et al. [35], Mudawar et al. [36] and Katto et al. [37].
The comparisons are illustrated in Fig. (8.9) - Fig. (8.13). As can be seen, the best
method is that of Wojtan et al., Qi et al. and Katto et al. but the level of accuracy is
not satisfactory when extrapolating their method to larger diameters.
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Figure 8.9: Comparison of the Wojtan et al. [23] correlation with the current experimental
CHF data.
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Figure 8.10: Comparison of the Qi et al. [35] correlation with the current experimental CHF
data.
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Figure 8.11: Comparison of the Mudawar et al. [36] correlation with the current experimental
CHF data.
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Figure 8.12: Comparison of the Katto et al. [37] correlation with the current experimental
CHF data.
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Figure 8.13: Comparison of the Katto et al. [37] correlation with the current experimental
CHF data for various fluids.
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8.3 New CHF correlation

The original correlation of Wojtan et al. [23] has been modified to fit the current CHF
experimental data, the experimental CHF data of Wojtan et al. [23] for circular channels
with Din=0.51 and 0.79 mm and square multichannel CHF data of Park [38] for R134a,
R236fa and R245fa with heated equivalent diameters of Dhe=0.35 and 0.88 mm. Addi-
tional experimental CHF data for different fluid properties, channel size, shape, heated
length and saturation conditions have been incorporated in the development of the new
CHF correlation. The new CHF correlation proposed here is:

qchf
Ghlv

= 0.12(µLO
µV O

)0.183(ρV O
ρLO

)0.062We−0.141
LO (Lev

Din

)−0.7(Din

Dth

)0.11 (8.1)

where Co=0.5 and Dth is defined as

Dth = 1
Co

√
σ

g(ρLO − ρV O) (8.2)

and the Weber number is defined as

WeLO = G2Lev
σρLO

(8.3)

The power constant term for density ratio, Weber number and the length/ratio have all
been modified to fit the data. Two new terms, namely (Din/Dth) and (µV O/µLO) have
been introduced into the new CHF correlation to account for macro-microscale transition
for channel confinement and the effects of viscosity on CHF. All the fluid properties were
evaluated at the inlet of the channel. The new CHF correlation predicts the current
experimental data and the experimental of Wojtan et al. [23] for all the three fluids in
the Din=0.51, 0.79, 1.03, 2.20 and 3.04 mm channels with 94.4% data within ± 30 %
prediction and MAE = 13.6%, as presented in Fig. (8.14). The new CHF correlation also
accurately predicts the multi−microchannel CHF data of Park [38] and the experimental
CHF data of Bruno [39] for silicon multi-microchannels with good accuracy, as illustrated
in Fig. (8.16) and Fig. (8.17). The new CHF correlation also successfully predicted the
split flow multi-channel CHF database of Mauro et al. [40] with 100% data within ± 30
% and MAE = 20.7%, as shown in Fig. (8.18). In summary, the new CHF prediction
method proposed here covers single and square multi-channels with internal diameters
from 0.35 mm to 3.04 mm that spans the range above and below Dth. The range of
applicability for the new CHF correlation is shown in Table 8.1.

Dint (mm) G (kg/m2s) WeLO
µLO
µV O

ρV O
ρLO

Lev
Din

0.35− 3.04 84− 3736 7− 201232 14.4− 53.1 0.024− 0.036 22.7− 177.6

Table 8.1: Applicability range of the new CHF correlation.



8.3. New CHF correlation 181

0 50 100 150 200 250 300 350 400 450 500
0

50

100

150

200

250

300

350

400

450

500

P
re

d
ic

te
d

 H
ea

t 
F

lu
x 

(k
W

/m
2 )

Experimental Heat Flux (kW/m2)

 

 

+30%

−30%

MAE = 13.6%

94.4% of data within ± 30%

D
in

=0.5 mm

D
in

=0.8 mm

D
in

=1.03 mm

D
in

=2.20 mm

D
in

=3.04 mm

Figure 8.14: Comparison of the new CHF correlation with the experimental CHF data.
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Figure 8.15: Fluid comparison with the new CHF correlation.
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Figure 8.16: Comparison of the new CHF correlation with the experimental data of Park [38].
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Figure 8.17: Comparison of the new CHF correlation with the CHF experimental data of
Bruno et al. [39] for silicon multi micro-channels.
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Figure 8.18: Comparison of the new CHF correlation with the split flow CHF experimental
data of Mauro et al. [40].

Table 8.2 illustrates the comparative summary of the CHF predictions against the ex-
perimental CHF results for single-circular, square copper and silicon multi-microchannels
and multi-microchannels with split flow configuration.

CHF Data Dint (mm) Channel data points ±30% MAE

Current +
Wojtan(2006)

0.51− 3.04 single− circular 215 94.4 13.6%

Park(2008) 0.35, 0.88 Multichannels 323 91.9 16.1%
Mauro(2009) 0.35, 0.88 Split−multichannels 78 100 20.7%
Bruno(2008) 0.381 Siliconmultichannels 25 100 15.6%

Table 8.2: Experimental CHF data comparison with the newly proposed CHF correlation.
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The comparison of the newly proposed CHF correlation with 2497 experimental CHF data
points for water for channels of Din=0.33 - 6.23 mm is shown in Fig. (8.19). Globally,
the new correlation only manage to predict 34.4% of the data to within ± 30 %. This
is not surprising as the new correlation was developed mainly for refrigerants. Thus, the
primary reason for this lack of accuracy is related to the property of water, which poses
a very small vapor density in comparison with non-aqueous fluids.
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Figure 8.19: Experimental CHF data comparison for water with the new CHF correlation.



Chapter 9

Conclusions and Recommendations

9.1 Conclusions

The flow boiling experiments performed for R134a, R236fa and R245fa in the Din=1.03,
2.20 and 3.04 mm channels showed significant influence of channel confinement on two-
phase flow patterns, flow boiling heat transfer, pressure drop, critical heat flux and liquid
film stratification. In summary, a total of 17485 heat transfer data points, 1152 pressure
drop data points and 191 CHF data points have been acquired in this study. The two-
phase flow pattern transitions have been found to be a function of channel confinement,
mass velocity and saturation temperature/pressure. With the new experimental flow
pattern observations, a new updated flow pattern map that is able to predict the both
miniscale and microscale flows have been proposed in this study. With respect to the
two-phase flow pattern observations and liquid film stratification determined through the
image processing technique, an intermediate transition region exists between macroscale
and microscale for Co in the range of 0.3-0.4 < Cotransition < 1.0.

The work and results summary are outlined below.

9.1.1 Two-Phase Flow Patterns

The two-phase flow patterns and transitions have been observed to be a function of chan-
nel confinement, mass velocity and saturation temperature. Fluid properties such as
surface tension, phase densities, and viscosity, were also found to affect the flow pattern
transitions. From the experimental flow pattern observations, three distinct microscale
flow regimes, i.e. Isolated bubble, Coalescing bubble and Annular flow regime were ob-
served. Another macroscale type flow regime, i.e. the Slug-Plug flow regime was observed
for the larger Din=3.04 mm channel corresponding to Co=0.34. As channel confinement
increases, the respective IB/CB flow pattern transition was observed to occur earlier at
lower vapor qualities while an expansion of the annular flow regime towards lower vapor
qualities was observed. In summary, the gravity forces were found to be more dominant
when Co < 0.34. Fig. (9.1) illustrates the current macro-microscale transition criterion
for Co: 0.3-0.4 < Cotransition < 1.0 and the macro-microscale transition criterion of Li et
al. [41] and Cheng et al. [42].
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A new macro-microscale flow pattern map has been proposed to predict both the macroscale
and microscale flows. The proposed flow pattern map includes new dimensionless num-
bers accounting for the gravity, inertia and surface tension effects. The introduction of
the confinement number,Co accounts for the confined flow boiling effect as a function of
the capillary length while the Froude number accounts for the inertia and gravity forces.
The liquid and vapor phase viscosity and density, Reynolds number and Weber number
terms account for the viscous, surface tension and shear forces. In other words, these di-
mensionless numbers account for the the transition from surface tension dominated flow
(IB) to shear dominated flow (A).

9.1.2 Flow Boiling Heat Transfer

The flow boiling heat transfer coefficients are a significant function of the two-phase
flow pattern and were observed to rise with heat flux in the sub-cooled and saturated
region. From the results, the heat transfer coefficient was observed to be higher for higher
saturation temperatures. The dramatic rise in heat transfer coefficients from the sub-
cooled region to the saturated region coincides with the onset of saturated boiling. The
monotonically increasing heat transfer coefficient at higher vapor qualities corresponded
to annular flow, signifying convective boiling as the dominant heat transfer mechanism in
these small scale channels in that regime. For higher channel confinement, i.e. for R245fa,
the effects of heat flux on the heat transfer coefficients were only observed for lower vapor
qualities, and a monotonically converging heat transfer trend at higher vapor qualities was
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observed signifying convective boiling as the dominant flow boiling mechanism. Finally,
the comparison of the current experimental heat transfer results with the three-zone
model of Thome et al. [33, 34] yielded very good accuracy when utilizing the measured
surface roughness of the individual channels as the dryout thickness.

9.1.3 Two-Phase Pressure Drops

Numerous flow boiling two-phase pressure drop data have been measured and compared
to conventional macroscale and microscale prediction methods from literature. In sum-
mary, the statistical comparison showed relatively good accuracy for three prediction
methods developed for macroscale flows, i.e. Baroczy-Chisholm, Friedel and the homoge-
neous model with the Cicchitti viscosity relation. As for the other microscale prediction
methods, the Sun-Mishima and Zhang-Mishima methods yielded the best predictions of
the current pressure drop data. In conclusion, there is no effect of macro-microscale
transitional channel sizes on two-phase pressure drop as illustrated in the macroscale and
microscale prediction comparisons presented in Chapter 6.

9.1.4 Film Thickness Measurements

From the image processing results, it was observed that the gravity forces are fully sup-
pressed and overcome by the surface tension forces when the confinement number ap-
proaches 1, Co ≈1, that is where the top and bottom liquid film thicknesses are similar
in magnitude. This was observed for R245fa in the Din=1.03 mm channel, as shown
earlier in Chapter 7. However, there still seems to be some flow pattern effects on this
threshold, with elongated bubbles still more buoyant than annular flows. In summary,
the lower threshold of macroscale flow is at about Co=0.3 - 0.4 whilst the upper threshold
of symmetric microscale flow is considered to be at Co ≈1, with a transition region in
between, i.e. 0.3 - 0.4 ≤ Co ≤ 1.0.

9.1.5 Critical Heat Flux

The critical heat flux data acquired during this experimental campaign indicated the
effect of saturation temperature, mass velocity, channel confinement and fluid properties
on CHF but no effect of sub-cooling was observed for the conditions tested. The CHF was
observed to rise with increasing mass velocity but decreased with increasing saturation
temperature. The CHF was also the highest for R245fa, followed by R134a and then
R236fa. Comparing the CHF for the Din=1.03,2.20 and 3.04 mm channels, the CHF was
observed to be the highest for the Din=1.03 mm channel, followed by the Din=2.20 and
then the 3.04 mm channel. Globally comparing the CHF database for Din=0.50, 0.79,
1.03, 2.20 and 3.04 mm channels, a peak in CHF peak was observed lying in between the
Din=0.79 and 1.03 mm channels.

A new CHF correlation that is able to predict CHF for R134a, R236fa and R245fa in
circular channels, square multichannels and split flow square multichannels has been
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proposed. The introduction of the (Din/Dth) and (µV O/µLO) terms accounts for macro-
microscale transition for channel confinement and the viscous and interfacial shear effects
on CHF.

9.2 Recommendations

In summary, a new database has been obtained for macro-to-microscale flow boiling in
transition for three refrigerants, i.e. R134a, R236fa and R245fa, corresponding to high
pressure, medium pressure and low pressure fluids. It is therefore recommended that new
flow boiling and CHF experiments be extended to other refrigerant fluids, to other channel
size and shapes to further investigate the macro-to-microscale flow boiling transition and
thermal processes. Finally, it is therefore recommended that a new flow pattern based heat
transfer model for annular flow be developed covering these macro-microscale channels.
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