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ABSTRACT
Present dissertation has investigated pool and flow boiling and their
characteristics via numerical means. A code was developed to investigate and enhance
heat transfer performance during different modes of phase change phenomena.
Multiphase heat transfer has proven to be one of the most effective means of heat transfer
in different industries, therefore, there have been numerous experimental and numerical
studies on the subject of phase change phenomena in a wide range of conditions and
setups; yet there are complex bubble dynamics and heat transfer characteristics that
remain unresolved. To have a more detailed look at and a better understanding of
complex characteristics of phase change phenomena, our code focused on the mostly
unresolved parts of this phenomena, such as spurious currents, interface diffusion, phase
change modeling, micro-layer heat transfer, conjugate heat transfer effects and interfacial
heat transfer coefficient.
These complexities arise mostly because of small scale of the phase change
phenomena and pace of phase change heat transfer, these scaling issues makes it difficult
or in some cases impossible to design a robust and comprehensive experiment, which can
study different aspects of phase change heat transfer. On the numerical side, lack of exact
solutions and equations to phase change can cause immense problems in modeling and
numerical studies. To mention a few of these numerical difficulties one can mention
bubble or droplet curvature estimation which does not have an exact mathematical
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solution that can translate to a viable algorithm, or interfacial temperatures which is said
to be most important factor driving phase change.
To address some of these difficulties in numerical simulations we have employed
volume of fluid method which benefits from global mass conservation combined with
level set method which shows a more promising interface curvature estimation.
Combining the two methods has proven to be a challenging task and, in some cases, not
so much superior; therefore, a simplified method was employed to capture the best of the
two methods. Phase change source terms was simulated based on none equilibrium
conditions which states that phase change happens because of deviations of interface
temperature from saturation temperature, unlike equilibrium condition which maintains
the interface at saturation conditions. Using none equilibrium conditions forces a smaller
grid onto simulation, which was cared by introduction of smearing factor. Other
numerically challenging phenomena is micro-layer heat transfer which is mostly resolved
by simplifying continuity, momentum and energy equations and deriving a set ODEs that
are solved outside of main simulation algorithm. This is mostly due the fact micro-layer
is mostly sub grid phenomena that cannot be seen by conventional CFD codes. We have
employed a method that solves the micro-layer within the main algorithm without the
need of solving those simplified set of ODEs and includes the none equilibrium interface
conditions in micro-layer simulations.
Present dissertation contains a comprehensive literature review on numerical and
experimental studies on the subject of two phase flow temperature driven phase change
and heat and mass transfer. Which is followed by a detailed description of mathematical
background and code algorithm. Then we have validated our code against numerous
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experimental studies available in the literature. Eventually, interfacial heat transfer
coefficient during sub cooled pool and flow boiling was studied, which has never been
studied numerically and there a few experimental studies on it.
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CHAPTER 1
INTRODUCTION
Boiling phenomena has a wide range of applications from convectional cooking
to power plant industries, electronic cooling, and chemical industries [1, 4-10]. Its
widespread use is due to the fact that compared to conventional heat transfer methods,
during phase change phenomena more heat is transferred with a smaller variation in
temperature. Because of vast number of applications and efficient heat transfer processes,
phase change heat transfer has been studied vigorously throughout recent years. These
studies are mainly aimed at increasing the efficiency of different phase change heat
transfer devices by increasing heat transfer area, bubble growth rate and frequency or
making the devices last longer by pushing critical heat flux condition (CHF) back in the
boiling curve, these enhancements include the introduction of micro-structures surface
which increases the heat transfer area, introduction of nano-particles in working fluids
which increases user’s control over boiling process, and many more enchantment that can
be found in the literature [11]. There have been numerous studies aiming to quantify
boiling process and to develop a comprehensive model to study boiling phenomena [12],
but without a complete knowledge of the underlying process of boiling specially during
irregular conditions and geometries it is not possible to come up with a comprehensive
analytical modeling of the two phase flow and phase change process [13]. Multiple
analytical models have been proposed by researcher to cover different stages of phase
1

change process but none have been able to quantify the whole process in a
comprehensive analytical model. Therefore, to have a better understanding of the
underlying physics of multiphase fluid flow and phase change heat transfer numerous
experimental and simulation studies has been performed, which help better the
understanding and make phase change heat transfer devices more reliable and efficient.
Although experimental study and analysis has advanced our understanding of
phase change process in general and has proved to be an effective tool to quantify boiling
phenomena in different environments, there are so much more details that are out of
reach of experimental investigators and should be resolved either through multiple
correlations and assumptions and/or through high fidelity simulation analysis. Of these
details one can refer to temperature distribution in the liquid pool, local condensation or
evaporation rate at bubble or droplet interfaces, interfacial temperatures, and interfacial
heat transfer coefficient (IHTC). Due to these limitations, phase change simulations have
been looked at as a tool that on the side of experimental analysis can help engineers and
scientists to understand the boiling/condensation phenomena and design more effective
tools to employ vast potential of phase change process. Numerical simulations have their
own limitations which comes from the fact that there is always the fear of over
simplifying with numerical models with researchers and there is a huge space for
improvements that can help numerical models to simulate a more realistic case compared
to real world applications and studies.
In this study we have proposed a simulation method to study and enhance phase
change process computer simulation and to study crucial characteristics of boiling
phenomena which are not possible to be looked at through experimental means. Final
2

purpose of this study is to characterize interfacial heat transfer coefficient (IHTC) in pool
boiling and flow boiling conditions, which to the best author’s knowledge has never been
investigated numerically in pool and flow boiling conditions. Interfacial heat transfer
coefficient (IHTC) analysis plays a crucial role in understanding phase change
phenomena and heat removal efficiency; aside from latent heat of evaporation or
condensation, vapor and fluid mixing plays an important role in making two phase flows
with phase change heat transfer vastly more effective than single phase heat transfer [14,
15].
In this chapter a comprehensive literature review of the flow boiling and pool
boiling experimental and simulation will be presented, followed by a brief review of
available numerical schemes to simulate phase change phenomena, which then leads to
introduction of author’s proposed method and this study’s objectives and novel
approaches. Following chapters will discuss the mathematical model behind our
simulation method in detail followed by step by step explanation of modeling the phase
change process. Some details of our improvements to available modeling methods will be
left out for results section, so it can be explained alongside with results of this
improvement for better comprehension of the effects. Governing equation and
mathematical modeling section will be followed by a code validation chapter in which,
author has discussed and analyzed different aspects of the code and used available
experimental and analytical data to validate the code. Afterwards, next two chapters are
dedicated to results and discussion where different cases of nucleate pool and flow
boiling, as well as subcooled flow and pool boiling are studied and investigated. Finally,
conclusion chapter discusses merits of this study and its achievements.

3

LITERATURE REVIEW
One of the earlier studies on boiling phenomena was performed by S. Nukiyama
[12], he quantified the relationship between superheat temperature and heat flux and
identified different phase change phases starting from isolated bubble generation to
annular flows. Figure 1 presents boiling curve proposed by Nukiyama from which
different stages of boiling phenomena can be obtained.

Figure 1.1- Boiling curve developed by Nukiyama as presented in [1]

Later, Plesset and Zwick [16] studied bubble growth rate in a superheated pool
and quantified this growth based on their own experimental studies. They came up with a
set of analytical methods to calculate bubble growth rate in superheated liquid pool for
different superheat conditions. Their experiments were mainly performed in atmospheric
conditions using water as working fluid. There are many other investigations meaning to
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quantify heat transfer process during phase change, in these models convection was
mainly assumed to be the main heat transfer mechanism and correlations were obtained
based on bubble shape and size change. Rosenhow [17], Forster et al. [18, 19] were
among those who correlated boiling phenomena based on the idea of micro convection
heat transfer as the main driving factor of phase change heat transfer. K.H. Ardron et al.
[20] have developed an analytical model capable of predicting dynamic contact angle and
departure diameters in pool boiling. Their method is then compared with a range of
experimental data available from literature using a CFD code developed by themselves. I.
S. Kiyomura [21] have presented a new correlation to calculate the heat transfer
coefficient by taking surface/liquid combinations and influences of the contact angle
during nucleate boiling in confined and unconfined geometries into account. They were
able to show their results remain in 30 percent error band which has a 20 percent
improvement over previously developed correlations. Due to limitation of analytical
characterization of multiphase flows with phase change, several experimental studies
were done to understand and investigate the underlying factors that contribute to a more
efficient heat transfer method. One of the earlier experimental studies performed on
nucleate pool boiling was done by P. J. Berenson [22] who studied the effects of surface
roughness and heating material on n-pentane boiling at atmospheric pressures and
concluded that although surface roughness can be a determining factor during nucleate
pool boiling, it loses its effectiveness when film-boiling condition is reached. Later,
experimental studies was enhanced by a visual study on pool boiling done by Gaertner
[23]. Gaertner studied saturated nucleate pool boiling and based on his visualization he
concluded that there are at least four regions during nucleate pool boiling: 1) Discrete
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bubble region. 2) First transition region. 3) Vapor mushroom region and 4) second
transition region. V. Oliveira et al. [24] have investigated the effects of composition and
pressure on heat transfer coefficient and critical heat flux during boiling of gasoline,
ethanol, and gasoline-ethanol blends. They have found that there is an optimum amount
for gasoline-ethanol composition of 20 percent ethanol mole fraction for the highest heat
transfer coefficient. Furthermore, it was shown that ethanol must be added to the
composition in order to eliminate partial nucleation in gasoline, which is very destructive
to heat transfer process.
There are tons of studies performed on boiling phenomena, role of phase change
heat transfer in different industries and enhancements of its heat removal effects. For the
purpose of this dissertation author has introduced four main topics for literature review,
1) Wall heat flux partitioning models; wall heat flux is the determining factor in
nucleation site density, bubble departure frequency and overall heat transfer of system.
Therefore, it is really crucial to distinguish different heat flux systems appearing at the
solid-fluid interface. 2) surface characteristics effect on boiling; heater material and
surface roughness are one of the other factors that plays an important role in boiling
characteristics which has been studied vastly. 3) Flow boiling studies and 4) simulations.
There are other important factors that will affect the boiling phenomena and its
analysis, namely micro-layer thickness and interfacial heat transfer coefficient. Because
of scarcity of literature specific to these topics, they are reviewed here in the literature
review introduction.
Micro layers are formed beneath the bubbles attached to the wall surface because
of strong adhesive forces between solid liquid molecules. Solid surface basically traps a
6

small amount of liquid underneath vapor bubbles. These layers are super effective in heat
transfer due to higher capacity of liquids and their micro thickness but mostly get
depleted in a matter of milliseconds, therefore although important they are not the biggest
contributing factor in pool boiling phenomena. Micro-layer thickness is very hard to
measure because of dynamic nature of boiling and their very small thickness, but there
have been some attempts to measure micro layers and characterize them analytically. S.
Jung et al. [3] have developed a method to measure micro-layer thickness during nucleate
boiling experiments. To perform these measurements, they have used a transparent ITO
thin film heater which would pass infrared waves through. They were able to investigate
single bubble nucleate boiling bubble dynamics and measure micro-layer thickness. Z.
Chen et al. [25] have compiled a comprehensive study on micro layer characteristics and
mechanism of formation using a laser interferometric method. It was observed near the
outer boundaries of microlayer, near three phase contact line, special bended shape of
microlayer forms which was not observed before. Based on their observation two stages
of microlayer formation was confirmed; first was the conventional wedge shape model
and the second one was the bended shape microlayer which happens when thickness
reaches its maximum value. Later Z. Chen et al. [26] employed volume of fluid (VOF)
method, using experimentally measured microlayer thickness, to simulate nucleate
boiling. They examined effects of heating plate thermal characteristics on nucleate
boiling. They concluded that microlayer evaporation was the principal mechanism of
evaporation accounting for 30 to 70 percent of evaporation. They have shown with higher
thermal conductivity plate effects of microlayer evaporation was increased which results
in more efficient heat supply with heater with higher thermal conductivity. G. Huber et
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al. [27] have employed level set method to simulate nucleate boiling at large microscopic
contact angles and moderate Jacob numbers. They claim to be the first developing a
model for micro-region simulation of partially wetting liquids to quantify the influence of
wall superheat on the apparent contact line. It was found that this influence is weak in
their simulations. S. Fischer et al. [28] used IR thermography to evaluate micro-layer
forming during nucleate boiling. They showed that this thin liquid film thickness and rate
of depletion is related to wall super heat, latent heat of evaporation, and interface
velocity. Based on their findings a comprehensive analytical model was developed which
agreed well with experimental measurements. One of the focuses of the current study is
to develop a numerical model that can identify and solve micro layer thickness and
characterize its effects on boiling phenomena.
Interfacial heat transfer coefficient, as discussed before, can be a determining
factor in heat transfer during pool boiling and flow boiling, but it is impossible to
measure experimentally. There have been a few studies that have used experimental
measurements to develop correlations to calculate interfacial heat transfer coefficient.
First look into interfacial heat transfer coefficient was done by Unal [29] who developed
a semi-empirical correlation to predict pool boiling characteristics such as bubble growth
rate, bubble departure diameter and frequency. Interfacial heat transfer coefficient was
formulated based on method analogous to that of Levenspiel [30]. Y. Chen et al. [31]
measured interfacial heat transfer during condensation using holographic interferometry
and high speed cinematography for pool boiling in ethanol, propanol, R113, and water.
They showed that this heat transfer can be correlated using dimensionless Ja, Re, Pr, and
Fo numbers. G. R. Warrier et al. [32] developed a mechanistic model to measure
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condensation interfacial heat transfer. They developed their correlation based on
available images of bubble condensation as function of bubble diameter and diameter
reduction rate, which could calculate Nusselt number for a specific fluid. Later Kim and
Park [2] expanded on their idea of dependence of interfacial heat transfer coefficient on
diameter reduction rate and developed a more comprehensive model to calculate
interfacial heat transfer coefficient. In the current study interfacial heat transfer
coefficient is calculated based on amount of phase change at the interface which to the
best of author’s knowledge has been never done before. Our focus is to develop and
investigate a new simulation and analytical method to characterize interfacial heat
transfer coefficient which in turn help with understanding and optimizing interfacial heat
transfer, this investigation will help determining contributing factors in increasing
interfacial heat transfer coefficient which leads to an increase in overall heat transfer.

WALL HEAT FLUX PARTITIONING
Heat transfer during boiling is a complex phenomenon that has a lot of
contributing factors, developing an accurate model for different mechanisms that
overlooks the overall wall heat transfer is the first step to understand boiling mechanism.
Wall heat transfer partitioning has been studied for the past half a century and numerous
models have proposed and developed to characterize different heat transfer mechanisms
that play a role in overall wall heat transfer. Of these mechanisms, one can refer to
microlayer evaporation, rewetting process after bubble departure, transient conduction
within the heater and fluid, and forced convection [33]. One of the first studies on wall
heat transfer during nucleate boiling was performed by C. Han and P. Griffith [34] who
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Table 1.1 – A review of different models proposed in literature, this table is an
extension to review provided by [33]
Model
Heat Transfer Formulations
Han et al.
𝑞𝑡𝑐 = 𝜌𝑙 𝑉𝑚𝑖𝑐 𝑐𝑝𝑙 ∆𝑇𝑁𝑎 𝑓𝑏
[34]
Mikic et al.
𝑞𝑡𝑐,𝑀𝑅 = 2√𝐶𝑤 (𝑘𝜌𝐶𝑝 )𝑙 𝑓𝑏 /𝜋𝐴𝑖𝑛𝑓 ∆𝑇
[35]
𝜋𝐷𝑑2
𝑤ℎ𝑒𝑟𝑒 𝐶𝑤 = 𝑡𝑤 𝑓𝑏 , 𝐴𝑖𝑛𝑓,𝑀𝑅 = 𝐾(
)𝑁𝑎
4
Judd et al.
𝑞𝑒𝑣 + 𝑞𝑡𝑐 = 𝜌𝑙 𝑉𝑚𝑖𝑐 ℎ𝑓𝑔 𝑁𝑎 𝑓𝑏 + 𝑞𝑡𝑐,𝑀𝑅
[36]
𝑘𝑙 ∆𝑇𝑤
Del Valle et
𝑞
+
𝑞
=
∬
(
) 𝑑𝑡𝑑𝐷 + 𝑞𝑡𝑐,𝑀𝑅 𝑋
𝑒𝑣
𝑡𝑐,𝐷𝐾
al. [37]
𝛿𝑚𝑖𝑐
Kural et al.
𝑞𝑚𝑒 + 𝑞𝑡𝑐 = 𝜌𝑣 𝑉𝑏 ℎ𝑓𝑔 𝑁𝑎 𝑓𝑏 + 𝑞𝑡𝑐,𝐷𝐾
[38]
𝑞𝑒𝑣 𝑡𝑔 + 𝑞𝑡𝑐 𝑡𝑤
Benjamin et
= (1 − 𝐶𝑤 )𝜌𝑙 𝑉𝑚𝑖𝑐 ℎ𝑓𝑔 𝑁𝑎 𝑓𝑏 + 𝑞𝑡𝑐,𝑀𝑅
al.[39]
𝑡𝑔 + 𝑡𝑤
Sateesh et
𝑞𝑛𝑏,𝑠𝑡 𝑥𝑠𝑡 + 𝑞𝑛𝑏,𝑠𝑙 𝑥𝑠𝑙
al. [40]
= (𝜌𝑣 𝑉𝑏,𝑑 ℎ𝑓𝑔 𝑁𝑎 𝑓𝑏 + 𝑞𝑡𝑐,𝑀𝑅 )𝑥𝑠𝑡
+ (𝜌𝑣 𝑉𝑏,𝑑𝑙 ℎ𝑓𝑔 𝑁𝑎 𝑓𝑏 + 𝑞𝑡𝑐,𝑀𝑅 𝑅𝑎 )𝑥𝑠𝑙
𝑡𝑙

𝑊ℎ𝑒𝑟𝑒 𝑅𝑎 = (∫ 𝐾𝑑(𝑡)𝑢𝑏 (𝑡)𝑑𝑡)/𝐴𝑖𝑛𝑓,𝑀𝑅
𝑡𝑑

Basu et al.
[41, 42]

𝑞𝑡𝑐,𝑠𝑙 =

𝑡1
1
∫ 𝑞𝑡𝑐 (𝑡)𝐴𝑠𝑙 𝑅𝑓 𝑁𝑎 𝑑𝑡
𝑡𝑔 + 𝑡𝑤 0

𝑡1
𝑡2
1
[∫ 𝑞𝑡𝑐 (𝑡)𝑑𝑡 + ∫ 𝑞𝑡𝑐 (𝑡)𝐴𝑖𝑛𝑓 𝑑𝑡]
𝑡𝑔 + 𝑡𝑤 0
𝑡𝑤
𝑘𝑙 ∆𝑇
𝑤ℎ𝑒𝑟𝑒 𝑞𝑡𝑐 =
, 𝐴𝑠𝑙 = 𝐶𝑏 𝐷𝑎𝑣𝑔 𝑙, 𝐴𝑖𝑛𝑓 = 1 − 𝐴𝑏 𝑛𝑎
√𝜋𝛼𝑙 𝑡
𝑞𝑒,𝑖𝑛𝑖𝑡 + 𝑞𝑚𝑖𝑐 + 𝑞𝑞 + 𝑞𝑠𝑙
= 𝜌𝑣 𝑉𝑏,𝑑 ℎ𝑓𝑔 𝑁𝑎 𝑓𝑏 + 𝜌𝑙 𝑉𝑚𝑖𝑐 ℎ𝑓𝑔 𝑁𝑎 𝑓𝑏 + 𝜌𝑠 𝑉𝑠 𝐶𝑝𝑠 ∆𝑇𝑠 𝑁𝑎 𝑓𝑏
2𝑘𝑙 ∆𝑇
+
𝐴𝑠𝑙 𝑡 ∗ 𝑁𝑎 𝑓𝑏
∗
√𝜋𝛼𝑙 𝑡
3
𝜋𝐷𝑚
2+𝑛
𝑞𝑤 = ( 𝜌𝑣 ℎ𝑙𝑣 (
) 𝑁𝑎 𝑓𝑏 + 𝜋𝑚𝐴𝑐𝑑 𝐷𝑚
∆𝑇𝑏 𝑁𝑎 𝑓𝑏 𝑡𝑔 )
6
2𝑘𝑙 (∆𝑇𝑤 + ∆𝑇𝑏 )
+(
[√𝑡𝑡𝑐 𝐴𝑖𝑛𝑓
√𝜋𝛼𝑙

𝑞𝑡𝑐,𝑚𝑒𝑟𝑔 =

Gilman et al.
[43]

Hoang et al.
[33]

+ (√𝑡𝑡𝑐,𝑎 + 𝑡𝑤 − √𝑡𝑤 )𝐴𝑖𝑛𝑓,𝑎 ]𝑓𝑏 )
Warrier et
al. [44]

+ (ℎ𝑓𝑐 (∆𝑇𝑤 + ∆𝑇𝑏 )[𝐴𝑓𝑐,1 + 𝐴𝑓𝑐,2 (𝑡𝑓𝑐 𝑓𝑏 )])
𝑄𝑤 𝑄𝑓𝑐 𝑄𝑡𝑐 𝑄𝑏𝑢𝑙𝑘 𝑄𝑐 𝑄𝑒𝑣 𝑄𝑙 𝑄𝑒𝑣
𝑞𝑤 =
=
+
=
+
+
=
+
𝐴ℎ
𝐴ℎ
𝐴ℎ
𝐴ℎ
𝐴ℎ 𝐴ℎ
𝐴ℎ 𝐴ℎ
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developed a criterion for bubble nucleation within a superheated liquid pool. They have
concluded activation temperature (Temperature at which nucleation happens) is a
function of surrounding superheat temperature and surface properties. Bubble departure
frequency was also found to change with superheat temperature and fluid properties on a
given surface. They developed a model for evaporative heat flux as sensible heat transfer
through micro layer and latent heat transfer through vapor bubbles. This idea was
followed by other researchers who expanded this model to develop their own models [37,
39, 45].
A small review of all these models is represented in Table 1. Basu et al. [41, 42]
has developed the model based on the idea that entire energy from the wall is transferred
to bulk liquid to further the heating of superheated liquid. After nucleation a fraction of
this energy will be dedicated to bubble nucleation and growth and the rest will continue
to heat up the liquid. These heat transfer mechanisms were quantified as a function of
nucleation site density, bubble departure and lift-off diameter, departure frequency and
flow parameters. Sateesh et al. [46] have studied bubble sliding mechanism on wall heat
transfer partitioning during nucleate pool boiling. They have included contributions of
latent heat transfer due to micro layer evaporation, transient conduction due to thermal
boundary layer formation, natural convection, and sliding bubble heat transfer in flow
boiling experiment. Their model focuses on the importance of thermal properties of
working fluid, wall superheat, and pressures. Most recent study on wall heat flux
partitioning was done by Hoang et al. [33] who proposed a mechanistic model to
overcome the challenges of wall heat flux partitioning during nucleate flow boiling.
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They have constructed their model based on coupling heat transfer mechanisms
such as microlayer heat transfer, heat transfer due to rewetting, and conduction and
convection heat transfer at the wall with bubble dynamics. Their proposed model shows
better agreement with experimental data compared to other models, notably the one
developed by Basu et al. [41, 42]. X. Li et al [47] have obtained a correlation for heat flux
partitioning of nucleate boiling in nanofluids to calculate nucleation site density, bubble
departure diameter and frequency. To obtain theses model for nanofluids one must
consider the effects of nanoparticle deposition on the heater surface, which is the most
important reason for heat transfer enhancements during nanofluid nucleate boiling. Based
on simulations and experimental analysis performed by authors it was shown that
wettability enhancement induced by nanoparticle deposition accounted for most the
enhancement during nanofluid nucleate boiling. S. Raj et al. [48] have employed force
and energy balance to developed an analytical model to predict bubble growth and
departure during subcooled flow boiling. Instead of using a constant bubble fraction
coefficient, authors have correlated the coefficient based with operating parameters of
flow boiling. In their comprehensive model, they have included microlayer heat transfer
during flow boiling. Their model was able to show a promising comparison with
experimental results compared to other available analytical models. Most of heat flux
partitioning method were reviewed by Warrier and Dhir [44], which is represented as a
summary of different heat flux partitioning models in table 1.
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SURFACE CHARACTERISTICS
There are multiple methods to enhance boiling heat transfer through boiling
surface enhancements, first is to modify solid materials to improve and increase departure
frequency and bubble departure radius; next one is to increase boiling surface area
through Nano wire deposition or artificial cavity generation on the surface [11, 14, 15].
Modifying surface material works by changing surface wettability or surface roughness,
whereas treating heating surfaces changes effective heat transfer area or by producing
thin liquid films that improve overall boiling heat transfer. In this part of literature review
different studies on different surface characteristics has been reviewed and most
important parts are tabulated in table 2. Y. Sun et al. [49] have studied effects of micro
grooved surfaces with reentrant cavities on pool boiling performance. They have
observed that compared to a smooth copper surface heat transfer coefficient increases
using a micro grooved surface. Furthermore, onset of nucleate boiling temperature for
micro grooved surface was reported to be lower. They have also reported by using micro
grooved surface wall superheat does not reach critical heat flux conditions (CHF). E. J. T.
Pialago et al. [50] have investigated R134a pool boiling on two cold sprayed composite
coatings as heating surfaces: Ternary copper-carbon nanotube-silicon carbide (Cu-CNTSiC) and copper-carbon nanotube-aluminum nitride (Cu-CNT-AIN). They have reported
these coated surfaces have improved nucleate boiling performance noticeably. Nucleate
inception was reported to start at lower heat fluxes and activation temperatures compared
to plain copper plate. Heat transfer coefficient was improved 1.48 times compared to
regular plain copper plate. Y. Li et al. [51] have investigated single bubble dynamics in a
water pool boiling process on a super hydrophobic surface. They have observed that
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bubble growth rate is not dependent on surface superheat and heat flux especially at large
heat fluxed, because of presence of a vapor layer on super hydrophobic surface; this
reduces heat transfer performance of the system. They have reported an increase in
bubble departure size after some cycles which was thought to be related to liquid
disturbance causing immature departures. H. Jo et al. [52] have explored nucleate boiling
on mixed surfaces, with a hydro phobic-hydrophilic mixed surface. They have reported
arrangement of this mixed surface could cause pinning phenomena, contact angle
transition, a stick-slip behavior, and interface necking. They claim that using a hybrid
surface will improve heat transfer characteristics of the nucleate boiling by decreasing
onset of nucleate boiling temperature and decreasing waiting period between each bubble
cycle. T. Kim et al. [53] have used graphene surfaces to enhance nucleate boiling of
different orientations, they have reported enhancements of heat transfer coefficient and
critical heat flux compared to plain surface. They have performed their investigation with
a 2D coated surface and a 3D coated surface and have concluded that onset nucleate
boiling time reduces especially at downward orientations. Heat transfer coefficient with
3D coating and 170 degrees angle was observed to be 75 % higher than regular plain
surface horizontal case. Overall cooling performance of nucleate boiling was improved
using these coatings. V. Umesh and B. Raja [54] have carried out a study on pentane and
CuO-pentane nanofluid on a smooth and a milled surface to investigate heat transfer
characteristics of them during nucleate boiling. It ws shown that presence of grooved
surface enhances nucleate boiling heat transfer compared to natural convection heat
transfer which in turn enhances overall heat transfer. Cross section of the grooves and
composition of nanofluid plays an important role in heat transfer enhancement, an
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optimum value of cross section and composition was reported in their study. S. J.
Thiagarajan [55] have investigated effects of a porous material on nucleate boiling. They
performed their studies on a microporous copper surface and have reported lower
activation temperature, which results in an increase heat transfer coefficient by 50-270 %
and enhancement of critical heat flux by 33-60 % when compared to plain copper
surface. R.R. Souza [56] have performed a study on the effects of nanoparticle deposition
and surface roughness on boiling of saturated HFE7100 in confined and unconfined
domains. Heat transfer coefficient was observed to rely on a combination of surface
toughness and nano particle diameter. Geometry confinement was shown to have mixed
effects as well, in cases with nanoparticle deposition a HTC increase was observed
whereas in cases with plain wall HTC decreased. Overall, it was concluded that
nanoparticle adhesion plays a more important role compared to surface roughness in
confined domains. M. El-Genk and A. Ali [57] have investigated the effected of copper
micro-porous surface on PF-5060 dielectric nucleate boiling. They have deposited five
layers of porous material using a two-stage electrochemical process. Compared to FC-72
on a plain surface they were able to show a 40-70 % higher critical heat flux rates. Most
optimized results were obtained by 2 and 3 layers of porous material. V. Nirgude and S.
Sahu [58] have studied nucleate boiling of water and isopropyl alcohol on structured
surfaces. Wire-electric discharge machining was employed to construct orthogonally
intersecting tunnel geometries on a copper surface. They have also reviewed most
important literature available in this regard. They have investigated four different
surfaces for each fluid for a different range of heat fluxes. Their results show tunnel
geometry shows better heat transfer performance compared to plain surfaces, onset of
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nucleates was reduced, heat transfer was enhanced by 250 % and 100 % for water and
alcohol respectively, tunnel depth over width ratio was important in water heat transfer
enhancement while ineffective on alcohol. M. Zupancic et al. [59] compared nucleate
boiling on a PDMS-silica coating and/or nanosecond-laser texturing stainless steel
surface. Laser textured surface showed the highest heat transfer coefficient among all of
heat transfer surfaces, which accompanied by enhanced liquid replenishment on the
active nucleation site preventing local hot spots. Also, unlike coated surface laser
textured surface did not increase thin-foil heater thermal resistance. Therefore, laser
textured surfaces shows a stronger enhancement in heat transfer compared to coated
surfaces. D. Saeidi and A. Alemrajabi [60] have investigated effects of nanostructures
surfaces on pool boiling. They have anodized an aluminum surface to prepare the
nanocoated surface. It was observed anodizing time will affect heat transfer performance;
based on their observation for some cases anodized surface increase CHF and HTC
whereas for other cases they decrease CHF and HTC. To better show different studies
performed on the effects of surface characteristics reviewed in this study a more
comprehensive list of studies was put together and tabulated in table 1.2 which was
developed based on reviewed provided by L. Cheng and D. Mewes as well as another
comprehensive study performed by M. Shohaeian and M. Kosar [61, 62]. These studies
present a comprehensive and detailed review surface modification methods used in flow
boiling and pool boiling experiment to enhance boiling and heat transfer efficiency. This
table is mainly a combination of their review alongside with more literature reviews that
are added by the author. Main focus of this review is to introduce different surfaces and
geometries used in literature to study effects of surface characteristics.
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Table 1.2- A review of surface effects on boiling phenomena [61, 62].
Author

Heating substrates

Melendez and
reyes [63]

Annular porous coverings
(metal foil, compacted iron and
stainless-steel wools)

Heat fluxes up Water and
ethanol
to 180 𝑘𝑊/
2
mixtures
𝑚

Lee et al. [6466]

Nano porous aluminum oxide
on a plain aluminum alloy on
different sizes

Heat flux
60 𝑘𝑊/𝑚2 ,
80 𝑘𝑊/𝑚2 ,
100 𝑘𝑊/𝑚2

Water, distilled
water and libr
solution

Zhang et al.
[67],

Alumina sponge like nano
porous structure, metallic
copper nano porous cu-zn alloy
nano pores,nickel wires with
silica thin film coating

Heat flux 100,
1800 𝑘𝑊/𝑚2

Water

Porous copper, surface
roughness 0.37 um, porous
copper 7.84 um

Heat flux 0.1 - R-134a
150 𝑘𝑊/𝑚2

Schulz et al.
[72]

Pin microstructure on copper

Heat flux up
to 110 𝑘𝑊/
𝑚2

Dielectric liquid
(solkatherm)

Chen [73],
kulenovic et
al. [74], chen
et al. [75]

Reentrant cavities, reentrant-pb
tubes

Heat flux
100 𝑘𝑊/𝑚2

R-123,
hydrocarbon
propane,
different
mixtures

Jung et al. [76] Low fin, turbo-b, thermoexcele tubes

Heat flux 1080 𝑘𝑊/𝑚2

Hcfc22,
hfc134a,
hfc215, hfc32

Rajulu et al.
[77]

Reentrant cavity

Heat flux 1142 𝑘𝑊/𝑚2

Acetone,
isopropanol and
water

Ahn et al. [7880]

Reduced graphene oxide (rgo)
flake,

Heat flux 502000 𝑘𝑊/𝑚2

Water

Tang et al.
[68],

Conditions

Fluid

Forrest et al.
[69]
Schäfer [70],
Hsieh et al.
[71]

Oxidized zircaloy surface, and
Anodic oxidation of zirconium
surface
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Chao et al.
[81]

Copper-graphite composite
surface

Heat flux 4 70 𝑘𝑊/𝑚2

Freon-113,
water

Demir et al.
[82]

Si nanoraods on silicon
substrate

Heat flux 0.3
23 𝑊/𝑐𝑚2

Water

Jo et al. [52],

Oxidized silicon and teflon
coated surface on silicon
nanograss structure, copper
fiber sintered plate,

Different heat
fluxes

Distilled water

Qu et al. [83],
Li and
peterson [84]

Porous surface fabricated from
isotropic copper wire screens

Dong et al.
[85]

Silicon wafer with nano wires

Heat flux
65 𝑊/𝑐𝑚2

Ethanol

Pranoto et al.
[86]

Block and rectangular fin with
porous graphite foam

Heat flux
120 𝑊/𝑐𝑚2

Fc-72 and hfe
7000

Im et al. [87]

Rectangular groove with and
without cuo coating

Heat flux
28 𝑊/𝑐𝑚2

Water

Honda et al.
[88],

Square pillar-fins with and
without sio2 layer deposition,

Heat flux 575 𝑊/𝑐𝑚2

Fc-72,

Chan et al.
[89]

Pin and rectangular fins with
different dimensions

Cooke and
kandlikar [90]

Silicon chip consist of several
rectangular microchannels

Heat flux
1400 𝑘𝑊/𝑚2

Water

Pastuszko
Rectangular fins, vertical and
[91],
horizontal tunnels
pastuszko and
poniewski [92]

Heat flux
1000 𝑘𝑊/𝑚2

Water, ethanol
and r-123
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Water

FLOW BOILING STUDIES
Flow boiling is one of wide spread used methods for electronic cooling. Its
efficiency can be attributed to enthalpy of evaporation and presence of mixing because of
phase change. There are multiple complexions in the flow boiling process that needs to
be resolved, such as critical heat flux conditions where fluid in the channels vaporizes
and causes a significant drop in heat transfer performance, huge pressure drops caused by
phase change especially seen in micro channel flow boiling and slug flow conditions
where a bubble grows too big before departure and causes back flow conditions in the
channel.

Figure 2.2- Flow regimes during flow boiling experiment presented in Thome [93].
Dry out mostly happens when micro channel’s surface does not have the capability of
sustaining annular flow
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Most efficient regime of heat transfer in flow boiling is the annular flow phase
change where a thin fluid film is always present near the walls and a rapid phase changes
and liquid supply sustains this liquid film and prevent critical heat flux (CHF) and dry out
conditions [14, 15, 94, 95]. Figure 2.a represent different flow regime during a subcooled
flow boiling experiment performed by [93]. S. Kandlikar [96] has provided a state of the
art review on the challenges and benefits of micro channels in cooling industry. He has
noted that there have been multiple advancements on heat transfer enhancements,
pressure drop reductions and micro channels systems designs. There multiple review
papers on the subject of flow boiling in micro and mini channels and comparison with
their single-phase micro and mini channel counterparts; of which author can refer to S. S.
Bertsch et al. [97], L. Cheng and D. Mewes [61] and Thome [93, 98].

Table 1.3- A brief review on early studies on flow boiling in micro and mini channels [61,
99].
Author
Fluid
Channel size
Study Condition
Peng et al. [100]
Water/methanol
Rectangular Channel
Subcooled Flow
binary mixture
Boiling
(𝐷ℎ = 0.133 −
0.343 𝑚𝑚 )
Kennedy et al. [101] Water
Subcooled and
Circular (𝐷ℎ =
saturated flow boiling
1.17 − 1.45 𝑚𝑚 )
Bittle et al. [102]
R410a
Capillary tube
Numerical simulation
of Fanno Two-phase
flow
Kandlikar et al.
Water
Heat transfer
Circular tube (𝐷ℎ =
[103]
coefficient was
1.5 𝑚𝑚 )
obtained
Warrier et al. [104] FC- 84
Rectangular Channel
Single phase and two
phase flow, pressure
(𝐷ℎ = 0.75 𝑚𝑚 )
drop investigation
Kim et al. [105]
R407c, R410a
Rectangular Channel
A new correlation to
study performance of
(𝐷ℎ = 1.2 − 2 𝑚𝑚 )
adiabatic tubes.
Greco and Vanoli
R410a, R404a
Horizontal circular
A HTC correlation
[106, 107]
was developed and
tube (𝐷ℎ = 6 𝑚𝑚 )
investigated.
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One of the earliest studies on heat transfer in micro channels was performed by X.
Peng et al. [100] who investigated single phase forced convective heat transfer of water
in micro channels. They showed that geometric configuration of the channels and surface
materials play an important role in micro channel efficiency which was also concluded
for flow boiling in micro channels in a study performed by X. Peng et al [108].
S. Kandlikar [99] tried to answer the fundamental issues of flow boiling in micro
and mini channels. After an extensive literature review on the subject he concluded that
there is large pressure drop fluctuations and current correlations cannot obtain accurate
predictions of these fluctuations and heat transfer rate of single channels and multi
channels are vastly different. To address these problems, he proposed conducting high
speed video studies, comparing single channel and multi-channel performance, studying
the effects of inlet flow conditions, and studying CHF condition in more detail. In another
article S. Kandlikar [109] looked at nucleation characteristics and stability during flow
boiling in micro channels. He argues that Local wall superheat and bulk liquid subcooling
are critical in flow stability. To reduce flow boiling instability he recommended
introducing a pressure drop element to overcome pressure spikes produced inside
bubbles, by operating micro channel systems with inlet pressures above pressure spikes
and adding artificial nucleation sites to the channel. W. Li et al. [14, 15] and F. Yang et
al. [11] have introduced different surface modifications and channel orientation to
increase heat transfer coefficient, decrease pressure drop and prevent CHF conditions. W.
Li et al. [110] studied CHF condition in micro channels with high frequency two-phase
oscillations. They showed that a micro-bubble excited actuation mechanism can enhance
CHF conditions, which happens due to fact that CHF condition reaches because of stable

21

vapor columns in micro channels. To enhance CHF condition Li et al. [111] came up
with a new configuration that is able to break large bubbles to smaller ones through
introduction of micro nozzles on the main channel’s side wall and supply subcooled to
the main channels. This method helped them reach higher CHF conditions in smaller mas
fluxes; they also observed a significant increase of effective heat transfer coefficient
(HTC). Li et al. [112] later developed a micro channel configuration that integrates
multiple micro-scale nozzles connected through smaller channels adjacent to the main
channel as well as reentry cavities on the side of main channels. It was shown that their
new method can further improve HTC and CHF for flow boiling in micro channels. A
brief review of most notable research in early days of flow boiling is tabulated in table 3
[61, 99]. This study aims to simulate subcooled flow boiling of a single in a micro
channel for different conditions and to analyze bubble growth, departure, and collapse as
well as interfacial heat transfer coefficient and its dependence on flow variables, forces
acting on the bubble during boiling process, and effects of gravity during flow boiling in
micro channels.

SIMULATION
Focus of this study is on the numerical simulation of boiling in liquid pools and
mini and micro channels. Flow boiling heat transfer is among the most efficient heat
transfer and cooling schemes available and many researchers have studied it both
experimentally and numerically. However, recently heat transfer through boiling in
“micro channels” has gained lots of interest due to its higher efficiency compared other
flow boiling system. This higher efficiency in micro channels is mainly caused by higher
22

rate of mixing as well as higher interfacial heat transfer coefficient. Agostini, et al. [113]
showed that the flow boiling heat transfer coefficient increased in micro channels
compared to macro channels. This increase in heat transfer coefficient is associated with
the decrease in initial film thickness between the bubble and the channel wall. The thin
film evaporation has the highest rate of evaporation overall and therefore has the highest
rates of heat transfer coefficient. Although experimental analysis of flow boiling in
micro channel has been improving over the years, but there are still some issues that can
be addressed by numerical analysis and measurements such as many dynamic and
localized aspects of the two-phase flow in micro channel. Hence, simulations can give an
insight on these aspects of flow boiling in micro channels [114].
Simulation of the multiphase flow is the backbone of boiling flow simulation,
which started with a model for simulation of free surface. Harlow and Welch first
introduced concept of interface capturing in 1965 [115], where they had introduced a new
technique to simulate an incompressible free surface flow. Their idea was to introduce
marker particle, which were representing the interface of liquid. These markers moved
according to velocity gradient in every time step. They employed a finite difference
model to implement their model. Later in 1975 Noh and Woodward enhanced this model
and introduced the Marker and Cell (MAC) model [116] which led to the introduction of
Volume of fluids model by Hirt and Nichols in 1979 [117]. Idea of Volume of fluids
model was to add a new partial differential equation (PDE) to fluid flow equations that
helps to locate the interface and resolves phase transport. They used finite volume
discretization scheme to discretize their fluid flow and two-phase transport equation.
Volume of fluid method divides computational domain to two or more part, which are
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representative of different fluids, two-phase interface is defined by region where sharp
fluid properties change is smeared through three of more computational cells. Due
interface smearing through some computational number of problems arises such as
parasitic currents and interface diffusions. In addition to these problems process of
interface capturing and evolution itself poses a huge burden on volume of fluid method
because of the fact that VOF is a volume tracking method not an interface tracking
method. Volume tracking methods such as VOF compute each cell depletion of filling
with a specific fluid and call a cell in transition an interface cell. Therefore, some
numerical methods have been proposed to deal with this issue and constrain VOF
interface to as low number of computational cell as possible. On the other hand because
of the fact that VOF is a volume tracking method, it is one the few multiphase modeling
techniques that can conserve the global mass of the system which a very important
characteristics for phase change simulation were mass transfer is the key to that process.
Later in the 90s Osher and Sethian [118] employed a level set function for the
interface capturing in multiphase flow simulation. Distance function used in their model
is responsible for calculation of the distance of the fluid from the interface. Interface is
set to have zero distance and its location is updated at every time step. Although level set
model is more successful in capturing a sharp interface, but it fails to sustain the mass
conservation in the system. Mass loss problem is why every few timesteps a re-distancing
must be applied to the computational domain otherwise captured would face a lot of error
and very low levels and accuracy and in some cases, divergence can be observed.
Z. Xiaobin et al. [119] have simulated pool boiling of liquid which was compared against
available experimental data. They characterize liquid nitrogen boiling into three different
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stages: low heat flux stage, transitional stage and fully developed nucleate boiling stage.
Using a CFD code and based on Eulerian formulation of multiphase flows a new Jacob
number based correlation was proposed to account for under predictions of previous
correlations. J. Murallidharan [120] proposed using a mechanistic model instead of
Eulerian-Eulerian two-fluid approach with evaporation accounted by RPI model. Their
mechanistic model was developed with information derived from a CFD simulation to
obtain the necessary data to derive mechanistic model from force and energy balance.
Their code shows a strong agreement with available experimental data in high pressure,
especially when a treatment to spurious currents is applied. On the other hand, another
approach to fluid dynamics simulation was introduced in late 70s that looked at fluids at a
fictitious semi-molecular level [121]. Lattice gas automata model assumes some number
of lattice cells as molecules of the fluid and models their interaction and velocity change
in every time step. A summary of different methods available in the field of boiling
numerical simulation is given in table 4, from which Volume of Fluids and Level set are
widely accepted and used in the community. Next section of this chapter will discuss
Volume of fluid, level set and lattice Boltzmann method in more details, summarize the
use of these methods in literature.
A brief overview of most famous multiphase modeling methods is tabulated in
table 1.4, with their advantages and disadvantages listed to give a better understanding of
the novelties and shortcomings of these method. Afterwards a more detailed literature
review and explanation of three of most famous multiphase modeling methods is
provided. These methods include Volume of fluids, level set, and Lattice Boltazmann
method. Following this detailed review, a small review of different phase change models
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used in literature is provided as well as the model developed and used by study. Finally,
closing the introduction chapter is a brief explanation of our proposed model as well as
its comparison with available boiling simulation literature. Novelties of our proposed
model and its superiority to its counterpart is detailed in chapter 2 and 3 of this
dissertation.
Table 1.4- A brief review multiphase modeling methods

Method
Marker and Cell
Method
LagrangianEulerian Method
(ALE) [122]
Volume of Fluids
(VOF) [117]
Level Set method
(LS) [118]
Lattice Boltzmann
Method (LB) [123]

Brief Overview
Weightless markers
follow interface
evolution.
based on the dynamic
mesh and two sets of
NS are solved to
capture the interface.
Volume transport
solution.
A distance function,
which is set to zero at
interface.

Advantages
Efficient in free
surface flows

A quasi molecular
dynamics method,
which tracks the
interaction, movement
and collision of
particles.

Easy
Implementation

Accurate
Interface
description
Global Mass
Conservation
Smooth
Interface
Gradients

Disadvantages
Mass Loss Problem,
Bubble coalescence
and collapse
Mass Loss Problem,
accuracy loss
during phase
change
Interface normal
calculations
Mass Loss Problem,
heavy
reinitialization
needed
Complex phase
change
implementation,
implementing MD
ideas in Macro scale

Next section of this literature review is dedicated to a deeper explanation of the
most used one fluid methods that have been used for a quite a lot long time in multiphase
flow simulation. Volume of Fluids (VOF), Level Set method (LSM), and Lattice
Boltzmann (LBM) are discussed in detail and brief history of each method is given and
different studies performed using these methods are introduced. Then basic model that
has been used in this study is introduced and discussed.
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VOLUME OF FLUIDS
In the volume of fluid (VOF) method interface evolution is described using a
continuous function, F, which value in each cell of the computational mesh is the fraction
of the cell occupied by the fluid to total volume of the cell. Therefore, it takes value of
one in cells full of fluid, zero in empty cells and a value between zero and one in mixed
cells containing the interface. Volume fraction can be advected by employing simple
transport equation that follows the volume of each fluid in every cell. This transport
equation for multiphase flow without phase can be represented by the following formula:
𝜕𝐹
+ 𝑉. ∇𝐹 = 0
𝜕𝑡

(1.1)

Initial distribution of the continuous volume fraction is determined from initial
interface geometry. This means nucleation cannot be captured by this transport equation,
meaning volume of fluid equation is not capable of generating liquid or gas on its own
and it would require another model to model bubble or droplet nucleation. Different VOF
methods can be distinguished by their unique interface reconstruction algorithms or lacj
thereof, and different methods used for time integration of the volume fraction equation.
Issues of interface capturing has been enhanced and improved by different models such
as PLIC model that was proposed by Rider and Kothe [124] and Harvie and Fletcher
[125] Lopez et al. [126]. Lopez model is the latest improvement of PLIC VOF and
allegedly the most accurate one. Rider and Kothe [124] used a linearity-preserving,
piecewise linear interface geometry approximation and a multidimensional unsplit time
integration scheme, in which volume fluxes are computed with a set of simple geometric
tasks. These authors use trapezoidal flux polygons at cell faces such as those represented
in Figure 1.3-a. Problem occurs when some fluxes are accounted twice in the simulation,
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which does not reduce the accuracy of model that much but can be improved by some
manipulations. The idea of calculating the volume fluxes by simple geometrical task has
been used in every model that has used PLIC method for flux correction. Harvie and
Fletcher [125] proposed splitting each cell face flux into a discrete number of stream
tubes corresponding to equally-spaced face sections which is presented in figure 1.3-b.
The volume of fluid in each stream tube is approximately determined by integrating
backwards in time. Lopez et al. [126] integrated the volume fraction integral over a given
cell of specific area to compute the net area of the fluid advected out of cell. To calculate
this integral they have constructed a polygon in each cell (figure 1.3-c) and computed the
flux over the polygon on each face by calculating the velocity of each surface of the
polygon and movements of points on the polygon.

Figure 3.3- Flux polygon construction at cell faces [126].
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By employing this model local mass flux is conserved and it is not required to do any
divergence correction.
After calculation of volume fraction in VOF material properties that is used in the
fluid flow simulation is calculated based on weighted average of volume fraction and one
set of fluid flow is solved for the whole domain. Methods which solve one set of
Continuity, momentum, and energy over the whole computational domain are called “one
fluid” methods referring to their ability to treat a multiphase domain as single phase one
with variable material properties. To be able simulate phase change phenomena (boiling
or condensation) a set source term must be introduced in fluid flow equations as well as
volume fraction transport equation.
Volume of fluids method have been used in lots of research and investigations of
the boiling phenomena. Hong et al. [127] have used the VOF method to simulate the
growth and collapse of a bubble on a pulsed micro heater. They have implemented a 1D
conduction model to solve the temperature field between the bubble and surrounding
liquid as well as liquid layer. This model has been used to evaluate the performance of
thermal inkjet printers. Their models suffered from severe deformation of bubble surface
that was caused by numerical instabilities; therefore, they introduced a pressure profile to
increase the bubble lifetime. They have observed flow circulation that caused a flow back
from the bubble sides. They have shown that the velocity field in bubble growth is
different in each direction. This was one of the earliest works in micro boiling simulation
field and suffered from lots of instabilities and inaccuracies.
Zhuan, et al. [128]used the Volume of Fluid approach to simulate the nucleate
boiling in micro channels. They have investigated the Marangoni heat transfer (thermo29

capillary convection) through the bubble surface. They have noted that bubble growth in
micro channels is divided to two stages. At the initial stage the bubble growth is
controlled by surface tension, whereas at the second stage incipient heat dominates the
whole boiling.
Zhuan, et al. [129] have simulated the bubble growth, condensation, and collapse
in subcooled nucleate boiling using a volume of fluid approach. They have shown that
bubble behavior in subcooled boiling is different than saturated boiling. In the subcooled
boiling, bubble growth and collapse are controlled by the degree of subcooling, lift-off
diameter, heat flux, and mass transfer. During saturated boiling lift-off bubbles grow and
coalesce and form a slug whereas in subcooled boiling lift-off bubble condense and
collapse. At initial steps of subcooling, bubble interface in controlled by Marangoni heat
flux instead of the surface tension and surface tension play a suppressing role for bubbles.
They concluded that in subcooled boiling higher rates of heat flux is needed for bubble
formation compared to saturated boiling. A PISO algorithm for pressure velocity
coupling was used in their code, which allows high values of under relaxation [130] and
to simulate the bubble nucleation the model proposed by Liu et al. [131] was used. They
investigated the onset of nucleate boiling in micro channel flows and developed an
analytical model to predict the incipient heat flux under various flow conditions. This
work is a pure experimental work and many researchers have their analytical method to
predict the nucleate boiling characteristics.
Becker et al. [132] simulated single bubble growth during flow boiling conditions
in a single microchannel using a volume of fluid approach implemented by Flow3D
software. The simulation tool was carefully validated and calibrated by means of prior
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test cases including spherical and axisymmetric bubble growth. It was found that the
simulation tool was reliable and robust enough for studying the special features caused by
the effect of an outer shear rate.
H. W. Jia et al. [133] simulated nucleate boiling on heating plate with a constant
surface temperature. They employed volume of fluid method to simulate multiphase
characteristics of flow accompanying a height function method to reduce spurious
currents generated by VOF method. They were able to show strong agreement with
experimental data in literature. Additionally, their improved height function model was
able to capture more accurate curvature compared to regular height function spurious
currents reduction schemes.
S. Lal et al. [134] employed a direct numerical simulation scheme to study
convective nucleate boiling in subcooled and near subcooled conditions. They were able
to show that convective nucleate boiling can be simulated using conventional CFD
methods such as volume of fluids without divergence and were able to validate their
simulation against available experimental data in literature. K. Ling et al. [135] have
coupled volume of fluid method and level set method and developed a 3D code. They
have calculated the interface based on two interface type assumptions, first one is a
special case and second one is obtained polygon interface inside each cell. Interface
polygons are obtained from PLIC method using a root finding method based on cubefitting function. They have shown strong agreement between their proposed interface
tracking scheme and available results in the literature.
Kunkelman et al. [1, 136] has done an extensive research on boiling phenomena
in mini channels using the volume of fluids method. They have used an adaptive mesh
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refinement to overcome the interface-capturing problem in VOF. In general, one can
conclude that volume of fluids method has shown a great ability to predict phase change
in boiling and volume fraction calculation. But as mentioned before it lacks an accurate
interface capturing method, which is the reason many researchers have used level set
method to have a better approximation of the interface.

LEVEL SET METHOD
The level set method is developed to follow the fronts propagating with curvaturespeed [137]. By viewing the equations as a level set interface is handled naturally, since
density and other material properties change sharply at the front conventional finite
difference schemes will incur excessive numerical diffusion when solving fluid flow
equations. Level set function here takes positive values outside the bubble within liquid
phase and negative values inside the bubble within gas phase. Therefore, bubble interface
is at the zero-level set. Distance from the front in calculated based on the following PDE:
𝜕𝜙
+ 𝑉. ∇𝜙 = 0
𝜕𝑡

(1.2)

This equation looks somewhat similar to equation that solves the volume fraction
for volume of fluids and is basically doing the same job; the only difference is that it sets
the value of the interface to be zero instead of setting one of the phases to zero. That is
the whole reason for the sharp interface capturing and also the reason to lack of mass
conservation [138]. The level set method calculates the material properties based on the
same idea as volume of fluid (both are one fluid method) but employs a different
approach which is presented in the following equations:
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1 𝑖𝑓 𝜙 > 0
𝐴𝑙
𝑖𝑓 𝜙 < 0
𝐴𝑣
𝐴=
𝐴𝑙 + 𝐴𝑣
𝑖𝑓 𝜙 = 0
{ 2𝐴𝑣

(1.3)

It should be noted that special care must be taken when solving the discontinuity
at the interface for material properties when computing the delta function that appears in
the surface tension term. In order to take care of this problems interface level set is set to
have some small value and regions are divided to values less than and more than that
small value. Cells with level set values less than limit value are assumed be interface cells
and vice versa. This takes care of jump problem at the interface but may cause interface
diffusion since instead of having one level set at the front there will be a region of
interface (like VOF).
A multiphase model that is similar to level set model is called phase-field model
where the maximum distance from the zero level set is set to be one or negative one,
which was discussed in [139, 140]. Phase-field is really popular in simulations that are
concerned with solidification process which involve a fluid phase and solid phase.
In attempts to improve the mass conservation properties of the LS method a
number of modifications have been introduced, including a variety of re-initialization and
velocity extension techniques. While these advancements have been found to be helpful
in maintaining the level set as a signed distance function, they did not meet the objective
of eliminating mass loss perfectly. In addition to modifications, several ‘‘hybrid’’
methods have been developed; combining the level set with volume-tracking or fronttracking schemes. Of these hybrid methods a combination of level set function with
Lagrangian marker particles can be pointed out. This method is called Particle Level Set
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(PLS) method and it was shown to improve mass conservation in under-resolved flows,
while maintaining a smooth geometrical description of the interface [141, 142].
Level set method has been used vastly to simulate the boiling phenomena because
of its ability to capture an accurate interface. Mukherjee and Kandlikar [143]
implemented the level set method to simulate the growth of vapor bubble during flow
boiling of water in a micro channel. A SIMPLER (semi-implicit method for pressure –
linked equations revised) has been used for pressure velocity coupling. Micro channel
confinement by bubble has been studied and it was shown that the growth and
evaporation rate would increase when bubble covers the whole channel. They have
shown that effects of gravity are negligible and bubble growth rate depends on the liquid
superheat and Reynolds number.
Suh et al. [144] have used the level set method to simulate flow boiling in parallel
micro channels. Effects of contact angle, wall superheat, and number of channels on the
bubble growth, reverse flow, and heat transfer are studied. They have extended the LS
formulation to treat immersed solid surface of a dividing wall between adjacent channels.
They have shown that the reverse flow increases when the wall superheat heat increases
and the contact angle increases, consequently it was shown that the heat transfer rate
decreased with reverse flow.
Mukherjee et al. [145] have implemented the level set technique to simulate the
bubble growth and wall heat transfer during flow boiling in a single microchannel using
the SIMPLER method. Their microchannel is a square channel with 200 um crosssections. They have shown that the bubble growth is affected by wall heat flux but unlike
Suh et all they have claimed that the flow rate does not affect the bubble growth inside
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the microchannel. They have concluded that incoming liquid mass flux suppresses the
bubble growth inside the channel therefore limiting the enhancements in the wall heat
transfer due to liquid motion generated by the bubble growth. They have shown the
contact angle also is very influential on the heat transfer since it is not only effective on
the surface tension forces but also affect the liquid film formed under the bubble.
Lee at al. [146] have implemented the level set scheme to simulate the boiling
phenomena in finned microchannel. The effects of fin height, spacing, and length of the
fins on the heat transfer has been investigated. Heat transfer was shown to significantly
enhanced when the liquid-vapor-solid contact surface was increased by introducing fins
in the channels.

LATTICE BOLTZMANN METHOD
In a continuum domain, fluid flow is governed by continuity, momentum, and
energy equations. Mathematically problem should be solved for given boundary and
initial conditions. However, there is no explicit equation for pressure, which is one of the
difficulties arising in solving incompressible Navier-Stokes. Lattice Boltzmann equation
is a linear method that deals particles movement and collision, in fact nonlinearity is
imbedded (implicitly) in the left-hand side of LBE (equation 1.4). The nonlinear
advection term in macroscopic approach is replaced by linear streaming process in LBM,
similar to characteristic methods for solving compressible flows. There is no need to
solve Poisson equation at each time step, as in macroscopic approach to satisfy continuity
equation, which drastically reduces the computational time. LBM can be considered an
explicit method, where there is no need to solve simultaneous equations, every time step.
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Since, the collision and streaming processes are local, therefore the LBM method can be
easily used in parallel processor machines. Boltzmann equation is an integro differential
equation. One of the problems in solving the Boltzmann equation is the complicated
nature of the collision integral. The main practice to overcome the difficulty of BE is to
use BGK (Bhatnagar– Gross–Krook) approximation [147]. BGK approach solves the
complexity of collision integral introducing a distribution function to calculate the
collisions:
𝑛𝑖 (𝑟 + ⃗⃗⃗
𝑣𝑖 Δt, Δt) = 𝑛𝑖 (𝑟, Δt) + Ω𝑖 (𝑟, t)

(1.4)

The LHS of this equation represents the position of a particle in a time step; first
term of RHS represents the position of the same particle (Lattice cell) in the previous
time step and the 2nd term of the RHS represent the collision term that will be solved by
the BGK approximation. Note that when the collision term goes to zero then we will have
a free particle motion. Lattice Boltzmann method is able to integrate with convectional
VOF models for two phase flow and Level Set. But the problem with lattice Boltzmann is
that the solver usually does not have good predictions for Reynolds number. And also
lattice Boltzmann is heavily dependent on the particle number to predict a reasonable
flow field, since it does not look at the fluid as a continuum and particle are assumed to
act like molecules of the fluids [148]. In order to simulate the boiling phenomena in most
works double distribution function (DDF) thermal lattice Boltzmann method (LBM) has
been used.
Liu et al. [149] have an improved DDFLBM to simulate the dropwise
condensation of vapor vertical hydrophobic flat plate, they were the first ones to simulate
this model under gravity conditions. Dynamic behaviors of periodic formation of 3D
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condensing droplets on a 2D cold spot at a constant subcooled temperature, and their
subsequent growth, and movement on hydrophobic surfaces are studied. It is found that
the variation of condensation heat flux consists of three different periods: First,
condensation heat flux increases during the initial period when the droplet is motionless,
second, the second period is the time when the droplet slides over the cold spot where the
variation of condensation heat flux depends greatly on the wettability of the surface, and
third, the condensation heat flux decreases as the warmer droplet moves away completely
from the cold spot.
Sun et al. [150] have proposed a three-dimensional hybrid lattice Boltzmann model to
simulate the nucleate boiling. Growth and departure of a single bubble from a horizontal
heater is investigated. They have found that bubble departure diameter proportional to g 0.346

(gravitational force) and there is linear relationship with Jacob number. They were

able to predict the bubble collapse, coalescence, and departure from the wall by the threedimensional model. There have been several models proposed for Interface capturing
using lattice Boltzmann method such as color model, potential model and free energy
model [151-154]. Color function and potential model does not track the interface
evolution explicitly, interface in these models has been defined as regions with zero
gradient of density. In contrast, energy model predicts the interface based on convectiondiffusion equation. Newer models have been proposed by [155-157] based on free energy
model to capture more accurate interface, like calculating a pressure poison’s equation at
the collision step or solving a new pressure update scheme. One of the latest model was
proposed by Zheng et al. [157], this model utilizes a more approximate convective Chen–
Hillard (C-H) equation to define and track interface and the interface equation can be
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recovered to C–H equation without any additional terms. The model can be extended
further into non-isothermal system with heat and mass transfer.
Recently Zhang et al. [158] have used the lattice Boltzmann to simulate the liquid
film evaporation and boiling on a heated hydrophilic micro structured surface. They have
used a newly developed 3D thermal Lattice Boltzmann method (LBM), incorporating
double distribution functions (DDF), pseudo-potential model and equation of state (EOS)
of a real gas. Simulations were carried out for various contact angles and Residual liquid
volume, two-phase interface morphology, wall temperature distribution, as well as
effective heat transfer coefficient and CHF under different conditions are discussed for
flow boiling in a wick structure. They did not make any assumptions of fixed free
surfaces and empirical formulas for mass and heat transfer have been used for the wick
structure. They have found that liquid thin film recedes gradually into the wick structure
(which generally helps the evaporation rates, with the lowest liquid level at the center of
heating area and the highest liquid level at the inlets on the sides, to maintain a
continuous liquid supply via capillary pumping. For larger contact angles, the receding of
liquid thin films finally leads to the dry-out at the center at a sufficiently high heat flux.
Overall, lattice Boltzmann model have been used extensively in modeling the
boiling phenomena recently and is gaining more acceptance and popularity in the field,
however its limitations for tracking the interface has not been resolved yet and therefore
author is determined to use conventional CFD model to model the boiling phenomena.
A review of most famous works on boiling simulation in presented in table 1.5.
Advantages and shortcomings of each of these studies has been highlighted. In this study
we have tried to develop model that gathers all these advantages at one place. We have
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tried to build a code that on the side of being a high-fidelity model can capture almost
every physical phenomenon that is important in boiling simulations. Our focus was
divided to five different categories: parasitic currents (spurious current) reduction, microlayer heat transfer, conjugate heat transfer from solid heater to fluid, non-equilibrium
phase change modeling and a homogeneous modeling to incorporate nucleation in the
simulation of two-phase flow heat transfer with phase change. To the best of author’s
knowledge this is the only study that incorporated all of these in one place.

Method

CHT

Phase Change Model

Parasitic Current
Reduction

Nucleation Modeling

V. K. Dhir Group
[159, 160]

LS

YES/ ODE
solutions

No

Equilibrium

No

No

G. Tryggvasson
Group [161, 162]

FT

No

No

Equilibrium

No

No

Sun and Li [150]

LBM

No

No

Equilibrium

No

No

T. Fuchs [163]

ALE

YES/ ODE
solutions

Yes

Equilibrium

No

No

B. Shu [164]

LS/
VOF

YES/ ODE
solutions

Yes

Equilibrium

No

No

C. Kunkelmann [1,
136]

VOF

YES/ ODE
solutions

Yes

None –
Equilibrium

Yes

No

Y. Sato [165-167]

VOF

Yes/ Equilibrium
Depletable Model

Yes

Equilibrium

Yes/
PLIC

Yes

Micro-Layer

Group

Table 1.5- A brief review on famous boiling simulations, their strength, and their
shortcomings
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PHASE CHANGE MODEL
In the present study work of Hardt and Wondra [48] and Kunkelman [23] has
been followed in order to simulate the phase change of boiling phenomena. It should be
noted that Kunkelman has developed a boiling model with the Hardt model in
OpenFOAM for his PhD thesis. The concept of interfacial heat resistance was introduced
by Hardt, which can be calculated based on the Hertz Knudsen Scharge theory.

𝑞=

2𝑓 Δℎ
𝑝𝑖𝑛𝑡
𝑝𝑣
−
(
)
2 − 𝑓 √2𝜋𝑅 √𝑇𝑖𝑛𝑡 √𝑇𝑠𝑎𝑡

(1.5)

Interface temperature of the vapor near and saturation temperature can be
assumed equal since phase change happens at the interface in the saturation conditions,
but the same is not true for pressure because if the jump condition between liquid and
vapor. By help of Thomson equation and Clausius-Clapeyron equation interface and
saturation pressure can be calculated based on the saturation temperature and the final
value for the interfacial heat resistance will be:
2𝑥
𝑅𝑖𝑛𝑡 = 1/(
2−𝑥

ρΔℎ2

2 )
3
√2𝜋𝑅𝑇𝑠𝑎𝑡

(1.6)

With including a force balance on the interface, evaporation flux can be
calculated. Based on this mass flux can be calculated and put in the PDEs. The mass flux
through interface of the liquid vapor interface through the interface surface in a cell is
calculated by. Therefore, total mass flux is calculated by an integral of rate of density
change with respect to the volume. This mass flux will be used in governing equations to
calculate the velocity field and interface change. So far developed solver can carry phase
change and growth of a bubble in a confined geometry using Volume of Fluid method
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with the help adaptive mesh refinement. Preliminary results are presented in following
chapters.
As mentioned before the purpose of this dissertation is to employ the developed
solver to simulated nucleate pool and flow boiling, compare the results with available
experimental results. Eventual goal of this dissertation to calculate interfacial heat
transfer coefficient and analyze its effect on the heat transfer process during boiling heat
transfer.

PROPOSED MODEL IN THE PRESENT WORK
As discussed in the review, in modeling the boiling phenomena five main
considerations that must be taken into account are interface sharpness, volume fraction
calculations, and phase change at the interface, micro-layer thickness, and conjugate heat
transfer. each method used for simulation of boiling phenomena has its own
shortcomings, therefore author decided to use a combination of level set and volume
fluids, which covers the shortcomings of both model. The so-called Combined Level Set
Volume of Fluids (CLSVOF) is able to hold the mass conservation and capture a sharp
interface at the same time; CLSVOF has been gaining a lot of interest recently.
Sussaman et al. [168] are among the first ones who used the CLSVOF method
(which was introduced by A. Bourlioux [169]in computing the incompressible and twophase flows. In their paper CLSVOF was used for computing 3D and axisymmetric
incompressible two-phase flows. In their model curvature is calculated based on level set,
where simultaneously volume fraction is calculated based on volume fraction. Later

41

interface is reconstructed based on volume fraction calculated by VOF and curvature
calculated by LS function.
Ningegowda et al. [170] have used CLSVOF with multi-directional advection
algorithms for a non-uniform grids for two-phase flows with and without phase change.
The SIMPLE algorithm was used for velocity and pressure coupling; PLIC geometrical
reconstruction procedure was implemented coupled with reinitialization scheme to
reconstruct the curvature using level set method. They have shown that their method
requires less computational power since they are using multi-directional advection
algorithm compared to operator splitting algorithm. Compared to benchmark literature in
the field they were able to show a good agreement with the experimental results.
CLSVOF algorithm has shown its strength in predicting the boiling phenomena, to the
best of author’s knowledge this model has not been used to simulate the boiling
phenomena in confined micro channels. Therefore, author proposed the use of this model
to model the boiling phenomena in confined micro channels and study the behavior of
fluid and heat transfer rate from nucleate boiling to dry out conditions.
Phase change adds source term to Navier-Stokes, which will be discussed
extensively in following chapters. To develop the code OpenFOAM open source software
has been used. OpenFOAM is a based on a low-level programming language (C++), in
which different discretization schemes are already written and can be used to develop a
new solver. Lots of solvers have been already developed using these discretization
schemes. However, in lack any phase change solver that can carry out the boiling
simulation, a new solver should be written that could carry the boiling simulation based
on the CLSVOF method. Algorithm developed for this method is presented in figure 3. In
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addition to CLSVOF and adaptive mesh refinement capability is added to the model to
increase the accuracy of captured interface, dynamic mesh capability helps the simulation
to be performed by coarser mesh with keeping the accuracy of interface capturing. A set
of fluid flow equations (continuity, momentum and energy) is solved to simulate the flow
field. Velocity pressure coupling was performed by PISO method, which help the solver
to take a lager time step without using accuracy of calculated velocity and pressure field.
Phase change at the interface is solved by a variation of Hertz Knudsen Schrage model
that was derived by Hardt, et all [48]. Phase change is one of the most important parts of
boiling simulation phenomena, therefore it is discussed in detail in next section.

Table 1.6- Merits of proposed model to previous studies.
Physics
Challenges
What has been Problem?
Done
Micro-layer
Sub grid
ODE solution
Too many
Physics
Depletable
assumptions
model
Unphysical results
Phase
Interfacial
Equilibrium/
Unreliable and
change
temperature
noneheavily mesh
model
deviation from equilibrium
dependent
modeling
𝑇sat
Parasitic
Are built into Interface
Serious mass loss
current
multiphase
reconstruction
problem,
reduction
models
Curvature
Inaccurate
No way to get smoothing
calculations
rid of them
Nucleation
Molecular
Homogenous
Not possible to
Level Physics modeling
study bubble
cycles
Conjugate
heat transfer

Solid/ Fluid
boundary
condition

Mostly
analytical
solution
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Doesn’t consider
effects of
nucleation on
solid

Present
Improvements
Depletable
model
Smaller mesh
dependency

s-clsvof
method

Homogenous
Nucleation
Model
A coupled
Matrix
Solution

Figure 1.4- CLSVOF algorithm to simulate the boiling phenomena in OpenFOAM.
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CHAPTER 2
GOVERNING EQUATIONS AND NUMERICAL ANALYSIS
This chapter outlines governing equations of two phase flow with phase change,
as well as numerical methods used to simulate such kind of flows. First part of this
chapter explains assumptions and methods used in process of driving equations to reach
final governing equations of two phase flow with phase change problem. Second part of
this chapter introduces numerical methods used to discretize previously obtained
governing equations and software used to simulate this problem. Major contributing
factors to this type of flow in introduced and modeled, such as interface tracking
methods, phase change modeling, and microlayer effects.

GOVERNING EQUATIONS
Fluid flow and temperature distribution is solved by classic continuity, momentum, and
energy equation:
𝜕𝜌
+ 𝛻. (𝜌𝑢
⃗)=0
𝜕𝑡

(2.1)

𝜕(𝜌𝑢
⃗)
+ 𝛻. (𝜌𝑢
⃗𝑢
⃗ ) = 𝛻. 𝜏 + 𝑓
𝜕𝑡

(2.2)
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𝜕(𝜌𝑒)
⃗⃗⃗ 𝑢
+ 𝛻. (𝜌𝑒𝑢
⃗ ) = 𝛻. (𝜏. 𝑢
⃗ ) − 𝛻. 𝑞 + 𝑓.
⃗
𝜕𝑡

(2.3)

These equations are general form of continuity, momentum, and energy equation,
to be able to use it in simulation author has made some reasonable assumptions which
helps with simplicity of implementation and retains accuracy of simulations. First, fluid
properties are assumed to be constant and at saturation conditions at all time. Variation of
fluid properties can with temperature is very small in this case and can be neglected.
Second, fluid is assumed to incompressible which is pretty good assumption since fluid
velocity remain well below Mach number at all times. Third, two fluids are assumed to
immiscible which is derived by the fact that liquid and vapor won’t form a mixture and
remain distinct at all time. Only source of mass transfer is the phase change and there is
not solution formation. Fourth, Liquid and vapor in this study are Newtonian fluids for
which stress tensor depends linearly on pressure. Fifth, heat flux depends linearly on
temperature gradient and Fourier’s law of conduction is valid. Sixth, viscous dissipation
can be neglected due flow conditions [171]. Based on these assumptions final form of
governing equations can be presented as follows:
𝛻. 𝑢
⃗ =0

(2.4)

𝜕(𝜌𝑢
⃗)
+ 𝛻. (𝜌𝑢
⃗𝑢
⃗ ) + 𝛻. (𝜇[𝛻𝑢
⃗ + (𝛻𝑢
⃗ )𝑇 ]) − 𝛻𝑝 + 𝑓
𝜕𝑡

(2.5)

𝜕(𝜌𝑐𝑇)
+ 𝛻. (𝜌𝑐𝑇𝑢
⃗ ) − 𝛻. (𝑘𝛻𝑇) = 0
𝜕𝑡

(2.6)

This works solves temperature distribution for the solid heater as well as fluid.
Therefore, a conduction equation will be solved in solid heater which connects solid
temperature and heat flux to fluid temperature and heat flux through a continuity
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boundary condition. Equations (2.7) and (2.8) present the conduction equations solved in
solids and contributing boundary condition.
𝜕(𝜌𝑐𝑇)
− 𝛻. (𝑘𝛻𝑇) = 0
𝜕𝑡
{

(2.7)

"
"
𝑞𝑠𝑜𝑙𝑖𝑑
= 𝑞𝑓𝑙𝑢𝑖𝑑
𝑇𝑠𝑜𝑙𝑖𝑑 = 𝑇𝑓𝑙𝑢𝑖𝑑

(2.8)

It should be noted that because very velocity profiles during nucleate pool boiling
and flow boiling our case, fluid flow always remains at laminar level and there is no need
for turbulence modeling [1, 136, 172]. To be able to characterize multiphase
characteristics of multiphase flow one must find to way to develop a model to identify
liquid-vapor interface. Outside the interfacial area general fluid flow equations hold true,
whereas at the interface temperature, pressure, and velocity continuity condition is not
present and they must be included in multiphase flow formulation [173]. Interfacial
pressure jump is present because of surface tension forces that are keeping the interface
together, this pressure jump can be formulated by Young-Laplace equation which is
derived from surface free energy theory. Surface free energy can be defined as excess
energy at the surface of the fluid compared to bulk of the fluid. Based on this idea,
pressure difference is formulated as:
1 1
∆𝑝 = 𝑝𝑣 − 𝑝𝑙 = 𝜎 ( + ) = 𝜎𝜅
𝑟1 𝑟2

(2.9)

For tangential and normal velocity and interfacial temperature one can derive the
following formulas:
𝜌𝑙 𝑢𝑙,𝑛 − 𝜌𝑣 𝑢𝑣,𝑛 = (𝜌𝑙 − 𝜌𝑣 )𝑢𝑖𝑛𝑡

(2.10)
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𝜇𝑙

𝑑𝑢𝑙,𝑡
𝑑𝑢𝑣,𝑡
= 𝜇𝑣
𝑑𝑥𝑖𝑛𝑡,𝑛
𝑑𝑥𝑖𝑛𝑡,𝑛

(2.11)

𝜌𝑙 (𝑢𝑙,𝑛 − 𝑢𝑖𝑛𝑡 )∆ℎ𝑉 = 𝜌𝑣 (𝑢𝑣,𝑛 − 𝑢𝑖𝑛𝑡 )∆ℎ𝑉 = 𝑘𝑙

𝑑𝑇𝑙
𝑑𝑇𝑣
= 𝑘𝑣
𝑑𝑥𝑖𝑛𝑡,𝑛
𝑑𝑥𝑖𝑛𝑡,𝑛

(2.12)

Note that these equations are developed to represent the case without any phase
change, in presence of phase some small modification must be applied to interfacial
pressure, velocity, and temperature jump. As discussed in previous chapter several
methods have been proposed to follow interface movement in the simulation domain, of
which author has chosen volume of fluid method to perform the two-phase flow
calculations. Volume of fluid (VOF) is one fluid method which looks at the simulation
domain as a whole and looks at the interface as region that is spread across some
numerical cells. VOF method solves the volume occupied by each fluid at each cell and
temporal evolution. Its transport equation for the case of multiphase fluid flow without
any phase is a followed:
𝜕𝛼
+ 𝛻. (𝑢
⃗ 𝛼) = 0
𝜕𝑡

(2.13)

Later in part two of this chapter there will be a more detailed discussion about
equation (2.13) solution methods and its restrictions and modifications made by us. One
of the more important characteristics that is specific to two phase flows especially twophase flows with phase is three phase contact line situation. Where solid, vapor and liquid
meet on the sold surface. Formed contact angle which is a function of solid surface
characteristics such as surface roughness and hydrophobicity as well as fluid properties is
a very important factor in determining the force balance and therefore boiling
characteristics such as bubble departure diameter and departure frequency. Contact angle
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at the three-phase contact line is determined based surface free energy of each of the
three phases. Young equation for contact angle at the three-phase contact line can
calculated contact angle as [174]:
𝑐𝑜𝑠 𝜃 =

𝜎𝑆𝑉 − 𝜎𝑆𝐿
𝜎

(2.14)

Because of complexities present at calculating contact angle based on equation
(2.14), contact angles are usually estimated based on apparent contact angle from
experimental analysis. Because of the unstable nature of contact angle in this work,
author has employed a method to determine the contact based on interface velocity which
will be described later in the second part of this chapter.
Phase change during evaporation or condensation happens because of the
presence of a superheated or a subcooled fluid at the vicinity of the interface. There are
multiple methods to analyze compute the mass transfer at the vapor-liquid interface, but
they can mainly be characterized into two main sections: equilibrium and noneequilibrium interface assumptions. Equilibrium interface method assumes interface
always stays at saturation conditions and phase change can be determined based on the
interfacial heat flux from liquid and vapor side. This work adopts the none-equilibrium
methods which states that main driver of phase change is the small deviation of
interfacial temperature from saturation temperature or the temperature jump at the
interface. Based on this idea interfacial evaporative mass flux can be determined by:

𝑚̇𝑖𝑛𝑡 =

𝑇𝑖𝑛𝑡 − 𝑇𝑠𝑎𝑡
𝑅𝑖𝑛𝑡 ℎ𝑓𝑔

(2.15)
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Where 𝑚̇𝑖𝑛𝑡 is the mass flow rate through interface, 𝑇𝑖𝑛𝑡 is the interfacial
temperature, 𝑇𝑠𝑎𝑡 is the saturation temperature, ℎ𝑓𝑔 is the latent heat of vaporization, and
𝑅𝑖𝑛𝑡 is the interfacial heat resistance
𝑅𝑖𝑛𝑡 is the interfacial resistance and is function of interface’s accommodation coefficient:
3

𝑅𝑖𝑛𝑡

2
2 − 𝑥 √2𝜋𝑅𝑔𝑎𝑠 𝑇𝑠𝑎𝑡
=
2
2𝑥
𝜌𝑣
ℎ𝑓𝑔

(2.16)

Where 𝑥 is the accommodation coefficient, it can have a range of zero to one.
Where zero stands for no interfacial mass flow and one stands for full interfacial mass
flow without any bounce back at the interface.
There are multiple mechanisms of heat transfer during phase change process,
some of them directly contribute to phase change and some other’s contributions are
indirect. In addition to interfacial phase change, contributions of micro-layer formed
underneath bubble is noticeable during evaporation and boiling process. Calculating
micro-layer’s thickness and its effects on evaporation phenomena is challenging because
of its very small dimensions. Therefore, it cannot be seen by conventional CFD models.
They are usually resolved by Hybrid Atomistic continuum models [175] or a simplified
mathematical model which calculates their thickness from data available at each time
step. In this study, micro-layer was assumed to form a linear region underneath bubble
which grows linearly from inception (or bubble center) site to three phase contact line.
This linear assumption has shown to be an accurate enough assumption for the microregion between bubble and solid surface in [166]. This depletable model only relies on
one arbitrary constant which is the slope of initial micro-layer.
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𝛿0 = 𝐶𝑠 𝑟𝐿

(2.17)

Where 𝛿0 is the initial micro layer thickness, 𝐶𝑠 is the the slope of the line and a
constant, and 𝑟𝐿 is distance from bubble center to cell center of the three-phase contact
line. Slope constant should be chosen by a parametric study, since there are not many
available experimental studies on micro-layer thickness; authors relies on parametric
study performed in literature [166] and for water slope constant was chosen to be
4.46 × 10−3 . Mass flux through interface adjacent to micro-layer is calculated based on
resistance model for heat transfer. It can be expressed by the following equation:

𝜑𝑚𝑙 = (

𝑇𝑠 − 𝑇𝑖𝑛𝑡
)
𝛿𝑦
𝛿
( +
+ 𝑅𝑖𝑛𝑡 )ℎ𝑓𝑔
𝑘𝑠 𝑘𝑙

(2.18)

Where 𝛿𝑦 is distance of adjacent solid cell center to solid-liquid interface, 𝑇𝑠 is
temperature of that surface, 𝛿 is the micro layer thickness and 𝑘𝑠 and 𝑘𝑙 are the
conductivity of the solid and liquid respectively. This study includes the deviations of
interface temperature from saturation temperature by considering interfacial resistance
𝑅𝑖𝑛𝑡 as the main source of phase change in micro-layer heat transfer as well as interfacial
heat transfer.
NUMERICAL ANALYSIS METHODS AND MODEL IMPLEMENTATION
Author has employed OpenFOAM [176] software which is an open source library
based on Linux operating system to simulate nucleate pool and boiling flows.
OpenFOAM uses finite volume approach to discretize partial differential equations and to
transfer them into linear algebraic system of equations [177]. A detailed description of
finite volume method implementation in OpenFOAM can be found in Jasak PhD
dissertation [178], more explanation were also provided by Rusche [179]. Schafer [180]
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introduces five steps to employ finite volume method [1]:
1. Dividing and decomposing computational domains into smaller control volumes
(mesh generation)
2. Deriving integral balance equations for each cell.
3. Using numerical approximation methods to linearize derived integrals
4. field values replacements by interpolation
5. assembling matrices for algebraic systems.
Mesh resolution is one of the most important factors in finite volume method, cell sizes
must fine enough to able to estimate fluid flow, heat transfer, and phase change
accurately. Mesh size and time step size are co-dependent in finite volume modeling by a
dimensionless number called Courant number which is function of propagation speed
over time step size and can be computed by the following formula:

𝐶𝑜 =

𝑢∆𝑡
∆𝑥

(2.19)

Courant number is the measure of how far a fluid particle travels during one time
step compared to the size of the cell [1]. During multiphase flow simulation Courant
number must remain less than one always. This study has used a dynamic time stepping
scheme implemented by OpenFOAM source code which modifies the time step based on
the calculated Courant number comparison with maximum Courant number (usually
between 0.05 and 0.5) which is set by the user.
As mentioned in the previous section in this study, flow field is solved by a single
set of Newtonian, incompressible Navier-Stokes equation (one fluid method). One fluid
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assumption was made possible by use of volume of fluid (VOF) where every cell is
assigned a value between 0 and 1, representing gas or liquid respectively. Interface region
is assigned a value between 0 and 1 based on percentage of fluid or gas occupancy of
each cell. Based on this formulation fluid properties can be obtained by:
𝜌 = 𝛼𝑙 𝜌𝑙 + 𝛼𝑔 𝜌𝑔

(2.20)

Where 𝛼𝑙 is liquid volume fraction, 𝛼𝑔 is gas volume fraction and 𝛼𝑙 = 1 − 𝛼𝑔 .
This method of calculating fluid properties requires solving only one set of Continuity,
momentum, energy and volume transport equation which eventual forms for the case of
two phase flow with phase can be represented as follows:

𝛻. (𝑢
⃗)=

𝜌̇
𝜌

(2.21)

𝜕(𝜌𝑢
⃗)
+ 𝛻. (𝜌𝑢
⃗ .𝑢
⃗ ) = − 𝛻𝑝 + 𝛻. [𝜇(𝛻𝑢
⃗ . 𝛻𝑢
⃗ 𝑇 )] + 𝜌𝑔 + 𝑓𝜎
𝜕𝑡

(2.22)

𝜕(𝜌𝐶𝑝 𝑇)
+ 𝛻. (𝜌𝐶𝑝 𝑢
⃗ 𝑇) = 𝛻. (𝐾 𝛻𝑇) + ℎ̇
𝜕𝑡

(2.23)

𝜕𝛼
𝜌̇
+ 𝛻. (𝑢
⃗ 𝛼) = 𝛻. (𝑢
⃗ ) .𝛼 +
𝜕𝑡
𝜌𝑙

(2.24)

Where 𝑢
⃗ is the fluid velocity, 𝜌 is the fluid density, 𝜌̇ is the rate of density
change, 𝑝 is the pressure, 𝜇 is the dynamic viscosity, 𝑔 is the gravity acceleration, 𝑓𝜎 is
the surface tension force, 𝐶𝑝 is the thermal capacity, 𝑇 is the temperature, 𝐾 is the
conductivity and ℎ̇ is the enthalpy rate of change due to phase change. There are lots of
complexities to the solution of these equations, volume fraction transport equation must
output a bounded solution at all times (between 0 and 1), surface tension force calculation
is crucial to the simulation of multiphase flows and mass transfer estimations is really
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challenging because of uncertainty in exact interface position estimations. To deal with
these issues we have developed a solution method of volume transport equation which
does not have the complexities of geometric reconstruction methods on one hand and is
always able to provide bounded solution and accurate interface presentation without any
artificial interface compression.
OpenFOAM uses a flux corrected transport method called “Multidimensional
Universal Limiter with Explicit Solution” (MULES) [179], which combined with an
interface compression scheme [181] predicts the evolution of volume fraction. This
method relies heavily on a fine mesh to produce an accurate representation of interface
and even with a fine mesh is susceptible to huge parasitic currents; reducing interface
compression factor to zero results in interface diffusion. Therefore, to overcome these
limitation authors have employed “Compressive Interface Capturing Scheme for
Arbitrary Meshes” (CICSAM) scheme [182]. It uses normalized variable diagram
concept and makes use of different differencing schemes to ensure a bounded solution. In
general, this method benefits from both FCT and NVD methods for the solving the
transport equation. To reduce spurious currents and capture a more accurate interface
representation volume of fluid solution is coupled with level set method using Albadawi
et al. [183] simplified coupled level set volume of fluid method (S-CLSVOF). This
method uses solution of volume fraction transport equation to calculate initial level-set
field by:
𝜙0 = (2𝛼 − 1)Γ

(2.25)
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Where 𝜙0 is the initial level set field which has a positive value in liquid and
negative value in gas, and Γ is a non-dimensional number which value is a factor of mesh
size (Γ = 0.74 ∆x). Then, level set function is set to be equal to initial level set field and a
reinitialization equation is solved to find the final singed distance function 𝜙:
𝜕𝜙
= 𝑆(𝜙0 )(1 − |∇𝜙|)
𝜕𝜏

(2.26)

Where 𝜙 is the level set field, 𝜏 is the artificial time step which value is 0.1 ∆𝑥,
𝑆(𝜙0 ) is a sign function. Small values of artificial time step ensure avoiding a sharp
change in level set field during solution of re-distancing function. A few iterations are
required to find the solution to reinitialization function, number of iterations is chosen
based on mesh step size and artificial time step:

𝜙𝑖 =

3∆𝑥
2∆𝜏

(2.27)

Where 𝜙𝑖 is the number of iterations needed to reach the solution of |∇𝜙| = 1.
Therefore, by solving the reinitialization equation, level set function is re-distanced to
move beyond the interface defined by volume fraction.
Transferring volume of fluid method to level set method makes interface more
continuous, where interface normal can be calculated based on gradient of the distance
function, instead of gradient of volume fraction. Therefore, a smoother interface normal
and curvature can be obtained. Surface tension is calculated based on level set
formulation as:

𝐹𝜎 = 𝜎

∇𝜙
2𝜌
𝛿(𝜙)∇𝜙 ×
|∇𝜙|
𝜌𝑙 + 𝜌𝑔

(2.28)
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∇𝜙

Where 𝐹𝜎 is the surface tension force, 𝜎 is the surface tension, |∇𝜙| is the curvature
𝜅(𝜙), and 𝛿(𝜙) is the delta function. Delta function ensures the surface tension force
effects are only applied to interface and goes to zero at any other place. Delta function
can be calculated by the following method:
0

,

𝜙>𝜖

𝜋𝜙
𝛿(𝜙) = { 1
(1 + cos( ),
2𝜖
𝜖

𝜙≤𝜖

(2.29)

Where 𝜖 is the effective interface region which is obtained by 𝜖 = 1.5 Δ𝑥. Surface
tension was scaled based on density to ensure a smoother transition over the interface
[183]. To improve spurious current reduction, sharp surface tension method was
integrated in our code in addition to coupled level set volume of fluid formulation. Sharp
surface tension method (SSF) was introduced by A. Raeini et al. [184] to suppress
spurious currents specially in static models. This method divides system pressure to three
components:
𝑝 = 𝑝𝑑 + 𝑝𝑐 + 𝑝𝜌𝑔ℎ

(2.30)

Where 𝑝𝑑 is the dynamic pressure, 𝑝𝑐 is the capillary pressure, 𝑝𝜌𝑔ℎ is the
buoyancy pressure. Capillary pressure is calculated based on surface tension force as
following:
𝛻. 𝛻𝑝𝑐 = 𝛻. 𝑓𝜎

(2.31)

Taking capillary pressure out of pressure correction process of Navier-Stokes
solver makes it less susceptible to spurious currents and more accurate [184]. In addition
to employment of S-CLSVOF method and sharp surface tension formula, a curvature
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smoothing method is also applied to reduce noise in final calculated curvature. Which is
then is applied to cell surfaces and flux source.
Interfacial phase change was calculated by considering non-equilibrium condition
at the interface, which assumes interface temperature deviations from saturation
temperature is the main driving factor for evaporation and condensation. Model was
developed based on a method introduced by Hardt and Wondra [185]. To use equation
(2.15) and (2.16) in the solver; it should be modified in a way that is only limited to the
interface, where volume fraction is not zero. Therefore, total mass flux passing through
interface can computed by the following formula:

𝜑0̇ =

((𝑇𝑖𝑛𝑡 − 𝑇𝑠𝑎𝑡 ) × 𝛼𝑙 × 𝑁)
|∇𝛼|
(𝑅𝑖𝑛𝑡 ℎ𝑓𝑔 )

(2.32)

Where 𝑁 is the is the normalized interface density and is calculated based on
gradient of volume fraction; showing the direction of interface at every computational
cell.
This source term is sharply applied at the interface. To reduce this jump, source terms are
smeared through three to five computational cells around the interface.
∇2 𝜑̇ =

1
( 𝜑̇ − 𝜑0̇ )
∆𝑡𝐷

(2.33)

Where ∆𝑡𝐷 is the diffusion coefficient and is arbitrary chosen for each grid size to
keep the smearing effect between three to five computational cells around the interface.
To apply calculated source term to Navier-Stokes and Energy equations, source should
go through a small change presented below:
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𝜌̇ = 𝑁𝑣 (1 − 𝛼𝑙 )𝜑 − 𝑁𝑓 𝛼𝑙 𝜑

(2.34)

ℎ̇𝑐 = (𝑁𝑣 (1 − 𝛼𝑙 )𝐶𝑝𝑣 − 𝑁𝑓 𝛼𝑙 𝐶𝑝𝑓 )𝑇𝜑 − ℎ𝑓𝑔 𝜑0

(2.35)

Where 𝑁𝑣 and 𝑁𝑓 are vapor and liquid normalization factors, which ensure
consistency of mass source on both side of the interface. 𝐶𝑝𝑣 and 𝐶𝑝𝑓 are thermal heat
capacity of vapor and liquid. Energy equation sources are divided to two parts,
evaporation heat transfer source term and convection heat transfer source term.
Evaporation heat transfer source term is not smeared because it won’t affect the stability
of the solver. It should be noted that, volume of fluid method observes the interface as a
region which is spread across at least 3 computational cells. Since, there shouldn’t be any
phase change on the interface itself a cutoff value of volume fraction equals 0.001 has
been introduced to limit the source to near interface regions.
Micro-layer mass flux is also smeared through three to five computational cells to
avoid instabilities, and the same procedure as interfacial mass flux has been employed to
calculate source terms in governing equations. Furthermore, to find micro-layer thickness
in each time step equation () has been employed. Equation (2.36) basically estimates
amount of micro-layer depletion in each time step based mass transfer from liquid to
vapor:
𝑑𝛿
1
= − 𝜑𝑚𝑙
𝑑𝑡
𝜌𝑙

(2.36)

A cutoff thickness value has been chosen for effects of micro-layer in phase
change, as soon as micro-layer thickness reaches 10 nm that cell is assumed to be
depleted and there won’t be any phase change from it.
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Conjugate heat transfer is another important heat transfer mechanism during phase
change, to capture the effects of phase change on three-phase contact line movement on
the surface, and to understand effects of heater on phase change process; a conjugate heat
transfer method has been applied which solves the energy equation in the solid surface
and connects it to fluid domain by a continuity boundary condition. This method
primarily relies on coupled matrix method in which two separate matrices are solved for
two domains, then boundary conditions are updated for each domain.
A dynamic contact angle model was adopted to include the effects of wall
adhesion forces in the current study. This model calculates the contact angle based on
fluid properties and interface velocity. This model was developed by Kistler [186], which
basically confines the contact angle to an upper limits and lower limit (advancing and
receding contact angle) then calculates the contact angle as function of interface velocity
and capillary number according to these limits:
𝜃𝑑 = 𝑓𝐻 [𝐶𝑎 + 𝑓𝐻−1 (𝜃𝑒 )]

(2.37)
0.706
𝑥
)
]}
1 + 1.31𝑥 0.99

𝑓𝐻 = arccos {1 − 2 tanh [5.16 (

(2.38)

𝑊ℎ𝑒𝑟𝑒 𝑥 = 𝐶𝑎 + 𝑓𝐻−1 (𝜃𝑒 )
𝐶𝑎 =

𝜇𝑈𝑐𝑙
𝜎

(2.39)

Where 𝜃𝑑 is the dynamic contact angle, 𝑓𝐻 is the Hoffman’s function, 𝜃𝑒 is the
equilibrium contact angle which is supplied by the user, 𝐶𝑎 is the capillary number, and
𝑈𝑐𝑙 is the contact line velocity. Next step is to determine interfacial normal vector at three
phase contact line based on the contact angle and wall normal vector.
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𝑛⃗𝑓,0 . 𝑛⃗𝑤 = 𝑐𝑜𝑠 𝜃0

(2.40)

Where 𝑛⃗𝑓,0 is the initial normal vector, 𝜃0 is the initial contact angle. Same
equation is true for the target contact angle and normal vector:
𝑛⃗𝑓 . 𝑛⃗𝑤 = 𝑐𝑜𝑠 𝜃𝑑

(2.41)

Target normal vector must lie on the plane that is created by wall normal vector
and initial normal:
𝑛⃗𝑓 = 𝑎𝑛⃗𝑓,0 + 𝑏𝑛⃗𝑤

(2.42)

Coefficients 𝑎 and 𝑏 can be obtained using the following formula:

𝑎=

𝑐𝑜𝑠 𝜃 − 𝑐𝑜𝑠 𝜃0 𝑐𝑜𝑠(𝜃0 − 𝜃)
1 − 𝑐𝑜𝑠 2 𝜃0

𝑏=

𝑐𝑜𝑠(𝜃0 − 𝜃) − 𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 𝜃0
1 − 𝑐𝑜𝑠 2 𝜃0

(2.42)
(2.43)

In case of nucleate boiling, bubble nucleation can be simulated based on
heterogeneous nucleation model [173]. Where one or many active nucleation sites are
predefined, each one has a specific activation temperature. After reaching activation
temperature, a seed bubble is placed at the active nucleation site. For the case of this
study, there is one active nucleation site at zero coordinates. Seed bubble size is of some
importance since it may affect the final departure radius and time. Therefore, a
parametric study should be performed to determine the seed bubble radius. In this case,
seed bubble is the size of one computational cell which is the absolute limit of seed
bubble size for a continuum method.
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SOLUTION PROCEDURE AND DISCRETIZATION SCHEMES
This solver was developed using foam-extend open source software version 3.2
which is fork of OpenFOAM open source library for Computational Fluid Dynamics
(CFD), partial differential equations are discretized based upon available methods in
foam-extend library. Algorithm to simulate phase change phenomenon can be explained
by following steps:
1. Define all parameters of the flow field, including pressure, velocity vector,
volume fraction, two phase properties, micro-layer thickness, face fluxes,
interface properties and rest of the parameters. This step includes initialization of
flow parameters as well.
2. After starting the time loop, solution controls are defined and set.
3. Volume fraction advection is the next step, which is followed by level set
calculation, Heaviside function calculations and Heaviside function advections. It
should be noted that, source terms are calculated at the time of volume fraction
and Heaviside function advection. After each output (not every time step), volume
fraction is corrected based on Heaviside function.
4. Interface is defined based on Heaviside function; normal vector is corrected based
on a predefined static or dynamic contact angels.
5. Capillary pressure calculation takes place based on sharp surface formula (SSF)
method, which is later used in pressure-correction step.
6. Navier-Stokes is solved based on Pressure Implicit with splitting of Operators
(PISO) method [187]. In this study eight pressure correction steps were performed
to reach at an error of 10−12.
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7. Boundaries are connected to each other to make solver ready for coupled matrix
solution.
8. Energy equation is solved to obtain temperature field for solid and fluid domains.
9. Micro-layer source terms are solved, and micro-layer thickness is calculated.
10. Nucleation site conditions are investigated, if volume fraction at nucleation site is
one (liquid) and temperature is at activation condition; a seed bubble is placed at
nucleation site.
11. Move to next time step.
Table 2.1 shows discretization schemes used for different operators in this study.
Some of these schemes were predefined by OpenFOAM and some of them were
developed by the author of this study. Of these discretization CICSAM method was
implemented by the author in the main OpenFOAM code to help mitigate volume
fraction transport solution problems. These problems include unboundedness of volume
fraction solution especially using courser mesh, producing unphysical currents around the
interface because unstable interface simulation, and interface diffusions. It should be
noted that these issues were solved by applying method many correction methods and
CICSAM discretization schemes was only one part applied correction.
In the next section of this chapter a brief introduction of mathematics behind finite
volume modeling and discretization schemes is presented. This introduction is mainly
taken from OpenFOAM documentation or literature focused on OpenFOAM multiphase
simulations, therefore there is heavy lean on application of these methods in multiphase
modeling.
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Table 2.1- Discretization schemes used in the simulation
Operator

Scheme

𝒅𝒙
𝒅𝒕

Crank Nicolson 0.5

𝛁𝒙

Gauss Linear

𝒅𝒊𝒗(𝑼)

Gauss Linear

𝒅𝒊𝒗(𝝋𝝆 , 𝑼)

Gauss linearUpwind cellLimited

𝒅𝒊𝒗(𝝋, 𝜶)

Gauss CICSAM 1

𝒅𝒊𝒗(𝝋, 𝑯)

Gauss CICSAM 1

𝒅𝒊𝒗(𝝋 , 𝑻)

Gauss MUSCL

𝒅𝒊𝒗(𝝋𝝆𝑪𝒑 , 𝑼)

Gauss MUSCL

𝛁𝟐𝒙

Gauss Linear Corrected

𝑰𝒏𝒕𝒆𝒓𝒑𝒍𝒐𝒂𝒕𝒊𝒐𝒏 𝑺𝒄𝒉𝒆𝒎𝒆𝒔

Gauss Linear

𝑭𝒂𝒄𝒆 𝑮𝒓𝒂𝒅𝒊𝒏𝒕 𝑺𝒄𝒉𝒆𝒎𝒆𝒔

Gauss Corrected

63

A BRIEF INTRODUCTION ON DISCRETIZATION SCHEMES
This study has employed finite volume discretization scheme through its use of
open source software “OpenFOAM” and one its forks “foam-extend”. Finite volume is a
method used in many numerical simulations such as computational fluid dynamics to
transfer partial differential equations to algebraic equations and matrices that are
eventually solvable by computers. Many authors have written useful references on finite
volume method (FVM) of which we can refer to books written by H. K. Versteeg and W.
Malalasekera [177] and Ferziger and Peric [188]. OpenFOAM itself starts as PhD project
at Imperial College of London was a dissertation subject for H. Jasak [189]. Intorduction
to finite volume method is will be very brief and general omitting lengthy calculations
and explanation finite volume modeling is out of the scope of this study and we are more
focused on physics of phase change phenomena.
Discretization can be decided into two categories: Discretization of solution
domain which characterizes the computational domain and discretization of equations
which linearizes partial differential equations [176, 178]. Finite volume method is based
of discretizing integral form of governing equations in a control volume (CV). After
discretization system of discretized partial differential equations are solved one at a time
for each control volume. In this we only introduce discretization of governing equations.
A full form of a transport equation for the property 𝜑 has the following format:
𝜕(𝜌𝜑)
+ 𝛻. (𝜌𝑢
⃗ 𝜑) = 𝛻. (𝜌Γ𝜑 𝛻𝜑) + 𝑆𝜑 (𝜑)
𝜕𝑡

64

(2.44)

Where first term on the LHS of this equation is “temporal derivative” term,
second term on the LHS is “convective term”, first term on the RHS of this equation is
the “diffusion term”, and second term on the RHS of this equation is the “source term”.
Since equation 2.44 is 2nd order equation discretization method used here is second-order
accurate in space and first-order accurate in time. To obtain a second order accurate
method variation of function around point X should follow:
𝜑(𝑥) = 𝜑(𝑥𝑋 ) + (𝑥 − 𝑥𝑋 ). (∇𝜑)𝑋

(2.45)

𝜕𝜑 𝑡
𝜑(𝑡 + ∆𝑡) = 𝜑(𝑡) + (∆𝑡 ). ( )
𝜕𝑡

(2.46)

Using Taylor series expansion in space around x will results in:
1
𝜑(𝑥) = 𝜑(𝑥𝑋 ) + (𝑥 − 𝑥𝑋 ). (∇𝜑)𝑋 + (𝑥 − 𝑥𝑋 )2 . (∇∇𝜑)𝑋
2
(2.47)
+

1
(𝑥 − 𝑥𝑋 )3 . (∇∇∇𝜑)𝑋 + ⋯
3!

Comparing equations (2.45) and (2.47) yields the first term of error scales with a
power of two which indicates that this discretization is 2nd order accurate in space.
Transport equation must be satisfied over control volume 𝑉𝑋 over point X for finite
volume method to be true. To be able to apply finite volume one has apply general gauss
theorem transfer integrals over closed volume V to a surface element with outward
directions normal to 𝜕𝑉. After evaluating integrals and transferring volume integrals to
surface integral a final form spatial ant temporal discretization of the general form of
transport equation over the control volume around point X can be represented as:
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𝜌𝑋 𝜑𝑋𝑛 − 𝜌𝑋 𝜑𝑋0
𝑉𝑋 + ∑ 𝐹𝜑𝑓 − ∑(𝜌Γ𝜑 ) 𝑺. (∇𝜑)𝑓 = 𝑆𝑢 𝑉𝑋 + 𝑆𝑝 𝑉𝑋 𝜑𝑋
𝑓
∆𝑡
𝑓

(2.45)

𝑓

It should be noted that time discretization in equation (2.45) is of 1st order form.
To have better understanding of finite volume method, readers are encouraged to take a
look at H. Jasak [176, 178, 189] PhD dissertation and papers which discuss finite volume
method and early development of OpenFOAM software.
Discretization schemes used in this study have a more complex form and are of
higher orders of accuracy, which are briefly tabulated in table 2.2.
Table 2.2- Mathematical representation of schemes used in this study
Scheme
Formula
Remarks
Crank Nicolson

Gauss Linear
Gauss Upwind
Limited
Schemes
CICSAM

MUSCL

2nd order convergence in
time

𝑢𝑖𝑛+1 − 𝑢𝑖𝑛
∆𝑡
1 𝑛+1
𝜕𝑢 𝜕 2 𝑢
= [𝐹𝑖
(𝑢, 𝑥, 𝑡, , 2 )
2
𝜕𝑥 𝜕𝑥
𝜕𝑢 𝜕 2 𝑢
+ 𝐹𝑖𝑛 (𝑢, 𝑥, 𝑡, , 2 )
𝜕𝑥 𝜕𝑥
𝜑𝑓 = (𝜑𝑓 )𝑈𝐷 + 𝑟 [(𝜑𝑓 )
𝑢𝑥− =

𝐻𝑂

− (𝜑𝑓 )

𝑈𝐷

𝑛
𝑛
𝑢𝑖𝑛 − 𝑢𝑖−1
𝑢𝑖+1
− 𝑢𝑖𝑛
, 𝑢𝑥+ =
∆𝑥
∆𝑥

𝜑𝑓 = (𝜑𝑓 )𝑈𝐷 + 𝜓(𝑟) [(𝜑𝑓 )
− (𝜑𝑓 )

𝑈𝐷

𝐻𝑂

]

𝛼𝑓 = (1 − 𝛽𝑓 )𝛼𝐷 + 𝛽𝑓 𝛼𝐴
𝛼̃𝑓 − 𝛼̃𝐷
𝑤ℎ𝑒𝑟𝑒 𝛽𝑓 =
1 − 𝛼̃𝐷
𝑑𝑢𝑖
1
=
[𝐹 (𝑢∗ 1 ) − 𝐹 (𝑢∗ 1 )]
𝑖+
𝑖−
𝑑𝑡
∆𝑥𝑖
2
2
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]

2nd order, unbounded
1st order
Used to stabilize linear
method to obtain
bounded solution
Compressive scheme to
produce sharp interfaces
Appropriate for variable
with jump conditions

Table 2.2 equation are gathered from different sources, therefore their naming and
indexing schemes may differ. Using higher than 2nd order schemes in multiphase flow
modeling using OpenFOAM is not a rational decision since Curvature estimation always
remain at 2nd order maximum and therefore whole system accuracy would remain at 2nd
order accuracy level.
Next chapters will discuss application of the code in phase change phenomena,
different conditions were simulated and validated against experimental data and
eventually interfacial heat transfer coefficient and forces acting on bubble/droplet and
computed and analyzed.
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CHAPTER 3
MODEL VALIDATION AND GRID INDEPENDENCY STUDY
This chapter’s goal is to validate the proposed code through different
benchmarking schemes and comparison with experimental studies available in the
literature. Spurious or parasitic current elimination were studied and compared to
OpenFOAM basic model. Mass transfer was compared to classical works available for
phase change benchmarking which simulates growth of a single bubble in superheated
liquid. Grid independency was also studied to find the best cell size to perform an
accurate study on pool and flow boiling. Two working fluids were chosen for this
validation cases R113 and Water. Micro-layer validation is presented in the results
section following the third pool boiling study.
SPURIOUS CURRENTS
Presence of spurious currents using continuum surface force method [190, 191] is
a well-known fact. It has been investigated and studied vigorously. It is basically
impossible to eliminate spurious currents completely, but lots of methods have been
proposed to minimize spurious current, of which some where reviewed in introduction
section. Presence of spurious current are of utmost importance during phase change
process, mostly because of vortices formed in the vicinity of interface. These vortices can
change temperature field around the interface, which is the single most important variable
during thermal phase change. There are two steps to this study’s benchmarking method:
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First war to compare pressure separation methods with regular continuum surface force
modeling which was done using R113 as working fluid and used already stable droplet
and analyzed spurious current generation. A seed bubble was placed in a two-dimensional
domain with the dimensions of 5 mm x 5 mm, a bubble of radius 1 mm was placed in the
middle of the domain (figure 3.1-a). Simulation was performed without any external
forces on the bubble to isolate any external source of velocity. Temporal evolution of
maximum velocity of the two formulations (CSF, SSF) was compared against each other.
As it is evident in figure 3.1-b, SSF formulation reduces spurious currents nearly ten
times compared to CSF formulation. It should be mentioned that velocity gradients are
discretized by Self-filtered central different (SFCD); SFCD is reported [184] to have the
most was performed by initializing a squared droplet in a domain with zero gradient
boundaries.

Figure 3.1-a- Geometry of the spurious currents validation case. 100 by 100 grid space.
b- Comparison of generated parasitic currents by SSF and CSF method. SSF method
successfully reduced the spurious currents ten times.
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Second part of spurious current study is more comprehensive, by employing water as the
working every possible method for surface tension calculation was analyzed and the with
most stable results was chosen. Figure 3.2-a present the simulation domain with the
squared droplet place at the middle in 5 mm by 5mm domain where boundary condition
are zero gradient velocity boundary conditions. Therefore, droplet can move freely in
computational domain and even move out of the domain. In the absence of any external
force it is expected that the droplet reaches a steady condition without any movement
form its original state. Different methods of surface tension force calculation is presented
below:
1. OpenFOAM basic model without any interface compression.
2. OpenFOAM basic model interface compression constant at unity.
3. Sharp surface forcer method.
4. S-CLSVOF method, surface tension calculation based on distance function.
5. S-CLSVOF method, surface tension calculation based on distance function plus
sharp surface force.
6. S-CLSVOF method, surface tension calculation based on Heaviside function.
7. S-CLSVOF methos, surface tension calculation based on Heaviside function plus
sharp surface force.
8. S-CLSVOF methos, surface tension calculation based on smoothed Heaviside
function plus sharp surface force.
Figure 3.2-b shows a comparison between these different method; as presented in
the figure, there are only two methods which could stabilize droplet and keep it in the
domain for up one seconds: SCLSVOF-PSI and SCLSVOF-H. All other methods fail to
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stabilize the droplet and at some point in the simulation droplet moves out of the
computational domain due very high spurious current genreation. It should be pointed out
that models with surface tension calculation based on Heaviside function shows more
promising results compared to models with surface calculation based on level set.
SCLSVOF-H method was able to stabilize the bubble faster that other method and remain
stable for whole simulation time. This method also generates some type of spurious
currents but they are so small that won’t affect the simulation procedure. Therefore, in
this study authors have based surface tension calculation on the Heaviside function:
𝐹𝜎 = 𝜎

∇𝐻
2𝜌
∇𝐻 ×
|∇𝐻|
𝜌𝑙 + 𝜌𝑔

(3.1)

Figure 3.2-c shows superiority of Heaviside based surface tension calculation
over level set based surface tension calculation in more detail. Main reason for this
improvement is that using Heaviside function can be attributed to the fact that level set
calculation in this method are limited to the vicinity of the interface; therefore, expected
smoother gradient of level set formulation cannot be captured based solely on SCLSVOF method. One could assume if level set function was solved during the
simulation (as it was for volume fraction and Heaviside), SCLSVOF-PSI results would
have been more promising. However, solving level set function would have introduced
other complexities to the simulation which was avoided in this study. There is always a
conflict between computational expense and code complexity on one side, and accuracy
on the other. What we have done here is to narrow the difference between these two. This
model is a simple two-phase model that can be easily implemented while retaining
accuracy and efficiency of the model. Computational expenses of the code is minimal and
can be compared to regular volume of fluid method.
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a

b

c

Figure 3.2 – a. Spurious current studies were performed in 5 mm square Geometry with
200 cells on each coordinate. b. Spurious Currents temporal evolution for all 7 models
compared against each other. c. Spurious Current for base solver, SSF solver and current
study’s solver compared against each other
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BUBBLE GROWTH RATE AND PHASE CHANGE METHOD

Figure 3.3 – a. Phase Change validation studies were performed in 2 mm square
Geometry with 100 cells on each coordinate. b. A parametric Study was performed on
accommodation coefficient, as evident from figure 𝐶 = 0.02 yields the best agreement.

Next step in the validation process is to validate the non-equilibrium phase change
model. Accommodation coefficient is a tricky parameter, there has been extensive
research performed on the subject of accommodation coefficient. Persad and Ward [192]
have studied Evaporation and condensation coefficients in Hertz-Knudsen equation
extensively. Hertz-Knudesen equation is the basis for evaporation model used by Hardt
and Wondra [185] which has been used in this article. Persad and Ward have argued that
there is still no explicit relation for accommodation coefficient and it can vary 3 orders of
magnitude. They have reviewed sources of this huge scatterings and studied errors in the
equations causing this discrepancy. Since determining this value is out of the scope of
this study and there is no consensus between researchers about the value of
accommodation coefficient; a parametric study on a saturated bubble in a super-heated
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pool of water (Figure 3.3-a) has been performed, which was compared against Plesset,
Zwick [16] experimental results. Figure 3.3-b represents bubble radius growth against
experimental results. It is evident from figure 3.3-b, that an accommodation coefficient of
0.02 would have the best agreement with experimental result, which is the value chosen
for the rest of this article.

Figure 3.4-a- Comparison of bubble growth in superheated simulation results with
analytical expression. b- Thermal boundary layer formed just after the interface in
superheated liquid, where bubble radius is around 0.8 mm. X-axis of figure 6 represents
radial distance from center of the bubble.

Phase change model was also validated for a case of R113 bubble growth a
superheated liquid pool. Initial bubble diameter was set to be 0.1 mm which grows due to
4 K superheated liquid around the bubble. Simulation was performed in a twodimensional geometry for a quarter of a bubble. Bubble was assumed to keep the initial
spherical shape all the time. Simulation results were compared with analytical results
developed by Plesset and Zwick [16] for bubble diameter rate change over time. Figure
3.4-a represent the comparison between the analytical and numerical bubble diameter rate
change. Accommodation coefficient was chosen to be 0.1 for this comparison and
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throughout the study. A good agreement was observed between analytical and numerical
results, small deviation which starts from the beginning of the simulation is a result of
placing a seed bubble of this diameter and lack of nucleation in the model. Bubble
diameter growth rate trends follows the analytical which show close agreement of the
implemented phase change model. Plesset and Zwick [16] predicted a thermal boundary
layer just after the bubble interface from which temperature rises from vapor temperature
to liquid temperature which accurately predicted by the present study’s solver (Figure
3.4-b).
GRID INDEPENDENCY
Before moving to analysis of nucleate boiling at saturation conditions, one should
examine dependence of the simulation on cell size. Grid independency study has been
performed on a case obtained from T. Yabuki and O. Nakkabepu [193] experimental
investigation of nucleate boiling in saturation conditions. For simplicity, in the grid
independency studies liquid preheating was omitted and a seed bubble was placed in an
already superheated pool with a predefined height of 2 mm, where superheat temperature
decreases linearly with until reaching saturation conditions at 2 mm; after which fluid is
at saturation conditions. Our base study was performed at atmospheric condition with
water as working fluid and a silicon slab as solid heater. Superheated temperature was
reported to be 10.8 degrees above saturation temperature which is the initial fluid solid
boundary temperature and initial solid domain temperature for the grid independency
study. Thermal characteristics of grid independency study is tabulated at table 3.1. it
should be expressed that this study uses the same experimental data as results part Study
was performed for Axisymmetric case with the assumptions that bubble would retain the
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Table 3.1 – Physical properties of fluid and solid heater
Density Viscosity
𝑃𝑎. 𝑠
𝑘𝑔/𝑚3
Water
Vapor
Water
Liquid
Silicon

0.597
958
2330

1.26
× 10−5
28
× 10−5
-

Heat
Capacity
𝐽/𝑘𝑔. 𝐾

Thermal
Conductivity
𝑊/𝑚. 𝐾

2030

0.025

4220

0.679

766

148

Enthalpy
of phase
change
𝐽/𝑘𝑔

Surface
Tension
𝑁/𝑚

2.26
× 106

0.58

-

-

Figure 3.5 – a- Grid independency studies were performed in Wedge Geometry for
different grid sizes. b- Different grid sizes results comparison, grid 4 shows the most
promising results.

same shape over the 𝜃 axis, figure 3.5-a represents the domains, which is constructed
based on the experimental study reported in literature. Five different grid sizes were
examined during the study (table 3.1) which are marked by grid 1 to 5, it should be noted
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that authors have employed structured squared grid for which ∆𝑥 = ∆𝑦. As soon as two
grids converged to one solution, grid with the larger cell size was chosen as the basis for
all studies performed in this article. Figure 3.b shows bubble growth results after 5 ms for
each grid size. Although bubble retains same shape for all different grid sizes but bubble
radius varies significantly, it is visible from the figure that grid 4 and 5 have converged to
the same solution. Difference in bubble size for different grids is due to the fact that this
equilibrium phase change model is heavily mesh dependent which makes the grid
independency studies even more crucial. Based on the results presented in figure 3.5-b ,
grid number with the mesh size of 20 um was chosen as the base grid size for evaluating
nucleate boiling.
Table 3.2 – Grid sizes used in grid independency study
Grid
Cell Numbers
1
100 × 200
2
150 × 300
3
200 × 400
4
300 × 600
5
400 × 800

Cell size (um)
50
33.3
25
16.6
12.5

Micro-layer model validation was performed during the third part pool boiling
results study, where experimental results for micro-layer thickness was compared to
simulation results.
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CHAPTER 4
POOL BOILING
In this chapter, pool boiling simulation were presented for three different cases
with two different working fluids. First case is pool simulation with R113 as a working
fluid. Results of one bubble cycle were compared to available experimental and
analytical data in literature. Then a parametric study on micro-layer slope was performed
in which three different slope constants were chosen an analyzed. Second case studies a
water pool boiling case, different bubble cycles and bubble base temperature were
analyzed and compared to the experimental data available in literature. Third case which
is also micro-layer model validation is pool boiling in water as well. Bubble cycles were
studied and maximum micro-layer thickness for the last cycle was compared to
experimental results.
CASE I - POOL BOILING IN A POOL OF R113
Simulations were conducted against the experimental results presented by Lee, et
al. [194]; Experimental results were recorded for growth and departure of R-113 in
saturation conditions at constant wall temperatures. Heater temperature was 334.15 K
which is the onset of nucleate boiling for R-113 and saturation condition (320.65 K) was
assumed for the bulk fluid. Heater material was not reported in the literature therefore
properties of silicon were used in simulation for the purpose of determining temperature
distribution in the heater. Fluid and solid properties are reported in table 4.1. An
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Axisymmetric geometry of 2 mm x 4 mm was considered, dimensions are chosen large
enough to minimize the boundary effect on the bubble growth and departure (fig. 7).
Bubble radius at the departure time was reported 0.339 mm which is more than 10
times smaller than domain dimensions. Heater height was not reported; therefore, it was
assumed to be 0.1 mm. Different heights were examined to determine the effect of heater
height on the bubble growth and departure, it was observed that although including the
heater in the simulation is effective but in this case heater height effects were negligible.

Table 4.1- Departure time and radius comparison for case I

Condition
Heater
𝛿ℎ (μm)
Tw (K)
Tbl (K)
Tact (K)
TSat (K)
θ
Reference

1
Silicon
180
336.15
320.65
334.15
320.65
11o
Lee et al. [194]

A seed bubble with radius of 0.05 mm was placed at the center on the domain.
Variation of the seed bubble radius showed that the chosen radius will not have any effect
of the final departure radius and departure time. A contact angle of 11° was observed at
the three-phase contact line for R-113 which is set in the simulation as the static contact
angle for seed bubble. As a result of small contact angle, bubble is expected to be more
spherical and depart sooner compared to higher contact angle cases. Simulations were
performed for one bubble cycle, therefore an initial thermal boundary layer of 0.3 mm
was applied, in which the fluid temperature changes from wall temperature to saturation
temperature to compensate for preheating of liquid and the waiting period.
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Figure 4.2-a- computational domain used to simulate the growth and departure of a
single R-113 bubble. b- Bubble growth evolution overtime. Initial thermal boundary
layer contour around the bubbles starts dissolving due to process of phase change over
time. Each temperature line represents 0.3 k (temperature ranging from saturation
temperature at 320.65 to ONB at 334.15). Axisymmetric data are mirrored around the
axis of symmetry to show the full bubble evolution.
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Waiting period is one of the determining factors in bubble growth and departure in
which a layer of super-heated liquid is formed before every bubble cycle. To avoid
instability caused by arbitrary thermal boundary, a small initial buffer zone was
introduced around the seed bubble ranging the temperature from saturation condition at
the interface to fluid temperature in the initial thermal boundary layer. Initial micro-layer
thickness was set to be 0.102 by performing a parametric study on layer slope (𝐶𝑠 ) and
choosing the
most suited to the experiment results. Value of 0.1 was chosen according to [165] and
parametric study was performed for values of 0.01 and 1. It was observed that the 0.1
gives the best agreement with experimental results of departure time and diameter.
Table 4.2 – Properties of R-113 and silicon
𝝆(
Liquid
R-113
Vapor
R-113
Silicon

𝑘𝑔
)
𝑚3

1508.1

𝝂(

𝑚2
)
𝑠

3.25×10-7
-6

𝑪𝒑 (

𝐽
)
𝑘𝑔. 𝐾

940.3

𝒌(

𝑊
)
𝑚𝐾

𝒉𝒇𝒈 (

𝐽
)
𝑘𝑔

𝑁
𝝈( )
𝑚

0.064

7.42

1.39×10

691.3

0.0095

2330

-

766

148

144.35×103

0.014

-

-

Bubble growth evolution at different time steps are presented in fig. 8. Overall
bubble growth rate agrees very well with experimental results reported in literature.
Simulation observed a bubble departure time of 4.3 ms and equivalent departure radius of
0.32 mm. equivalent bubble radius is calculated by the spherical bubble assumption
which is a valid assumption in this case (due to the fact that contact angle is small).
Compared to the experimental results departure time reports a 15 percent error and the
equivalent radius reports 5 percent error.
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Table 4.3- Departure time and radius comparison for case I
Analytical

Experimental

Simulation

𝒕𝒅 (𝒎𝒔)

2.4

3.7

4.3

𝒓𝒅 (𝒎𝒎)

0.43

0.339

0.32

Bubble departure time and radius has been calculated analytically based on the
correlation provided in literature [195]:
(4.1)

5
𝜎
𝐷𝑑 = 4.65 × 10−4 √
𝐽𝑎∗ 4
𝑔(𝜌𝑙 − 𝜌𝑣 )

𝐽𝑎∗ =

𝜌𝑙 𝐶𝑝𝐿 (𝑇𝑠𝑎𝑡 )
𝜌𝑔 ℎ𝑓𝑔

(4.2)

Variation between experimental and numerical results on one side and analytical
results on another side was expected. This variation is a result of uncertainties and
assumptions made when deriving the analytical equation. Therefore, analytical
expressions are used to give a rough approximation on the departure diameter and time,
which in this case is very close to obtained experimental results from literature and this
study’s simulation.
As mentioned before micro region formed beneath the bubble plays an important
role in the process of bubble growth and departure in nucleate boiling. In the present
study a model has been employed within the CFD mesh that calculate the boundary layer
thickness at each time step. Figure 4.2-a shows the maximum micro-layer thickness in
simulation for three different values of Cslope. maximum of the micro-layer thickness is
expected to increase over time while bubble interface is moving on the surface of the
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solid. Every time a new cell is added to vapor its micro-layer thickness becomes equal to
the initial micro-layer thickness which increases with distance from nucleation site.
Oscillations of maximum micro-layer thickness are because of the fact that it takes some
time for a cell to be added to vapor on the wall in which time micro-layer thickness is
decreasing; when a new cell is added to vapor side maximum micro-layer thickness is set
to be equal to initial thickness at that cell which is the reason for a jump in the figure. At
the point bubble stops moving from the interface there is no cell added to micro-layer
thickness, which means maximum micro layer thickness is determined by the equation
(27). Hereafter the maximum micro layer thickness decreases till it reaches the threshold
value where there is no micro-layer effect on the process of bubble growth. Micro-layer
thickness for R113 is reported to be small in literature [196] as it was observed in this
study (around 1 um which is the case for Csolpe of 0.1). As micro layer grows to be
lagers its effectiveness in the process of boiling decreases because of increasing the value
of thermal resistance in the conduction from solid surface to vapor; Therefore,
contribution of micro-layer to heat transfer at tri-phase area is significant in R-113
nucleate boiling phenomena. Figure 10 compares two identical cases except for the fact
that one includes the effects of micro layer thickness and other is not. Figure represents
the time when micro-layer is not dried out yet.
As bubble grows enough, buoyancy will be able to overcome vertical component
of surface tension force and begin departure phase from the surface initiates; micro-layer
contributions decreases (after 25 ms in this case), surface heat flux reduces as well; until
full dry-out of micro-layer at which time heat flux calculated from the simulation with
micro-layer model would be equal to heat flux calculated from the simulation without the
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micro-layer model. Peak in the heat flux obtained from the micro-layer model is a result
of larger presence of micro-region beneath the bubble which is predicted by the model to
take place later time steps.

𝐶𝑠 = 0.01

log(𝛿𝑚𝑙𝑚𝑎𝑥 ) (µ𝑚)

𝐶𝑠 = 0.1

𝐶𝑠 = 1

𝑞𝑏𝑜𝑡𝑡𝑜𝑚 (𝐾𝑊/𝑚2 )

time (ms)

With micro-layer

Without micro-layer

time (ms)

Figure 4.3-a- Temporal evolution of maximum micro layer thickness. Increase in the
beginning represent the thickness initialization. b- Temporal evolution of solid vapor
heat flux. Micro layer account for nearly 30 percent of heat flux into vapor. Heat flux
values represented here are average values for heat flux going in vapor form the heater
surface underneath vapor bubble.
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Interfacial heat transfer coefficient will be discussed in detail in the next chapter
accompanied with explanation of force calculation. Here IHTC was calculated for each
case of pool boiling simulation but formulation was left for the next chapter. Figure 4.4
shows a side by side comparison of temporal evolution of interfacial relative velocities
and IHTC. It is evident that there is reciprocal relationship between the two which is
indicative of the fact that interfacial heat transfer coefficient and bubble dynamics
contribute to each other and are important in determining heat transfer characteristics.

Figure 4.4- Temporal evolution of interfacial relative velocity and interfacial heat
transfer coefficient.
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CASE II – WATER BUBBLE CYCLES POOL BOILING SIMULATION
Yabuki and O. Nakkabepu [193] studied several cases with different heat fluxes
and nucleation activation temperatures, with heat fluxes ranging from 30 to 39 𝑘𝑊/𝑚2
and nucleation activation temperatures ranging from 10 to 15 degrees superheat (383.15
to 388.15 K). They have reported an equilibrium contact angle of 10 to 15 degrees.
Current study has numerically studied the case with 33.3 𝑘𝑊/𝑚2 and nucleation
activation temperature of 10.8 degrees superheat (383.95 K). Contact angle has assumed
to be 15 degrees at all times, but it can be argued that 5 degrees difference in contact
angle would not have any considerable effect on bubble departure radius and departure
time. Micro layer slope (𝐶𝑠 ) was determined based on the parametric study performed by
Sato and Niceno [166] who reported 𝐶𝑠 = 4.46 × 10−3 for water.
Simulation domain is basically the same as grid independency studies with the
same dimension size as grid 4; Boundary conditions and geometry dimension are shown
in figure 3.a. Since Foam-Extend’s meshing scheme is solely based on three dimensional
meshes, a two dimensional axisymmetric is not possible to simulate here. Therefore, an
axisymmetric mesh is defined by a wedge type geometry with wedge angles of exactly 5
degrees which the equivalent of an axisymmetric mesh in other meshing software and
methods. Instead of a Symmetry axis, a very small plane as empty or a narrow symmetry
Table 4.3 – Physical properties of fluid and solid heater
𝐽
𝑊
𝑘𝑔
𝑚2
𝑪𝒑 (
)
𝒌(
)
𝝆 ( 3)
𝝂( )
𝑘𝑔. 𝐾
𝑚𝐾
𝑚
𝑠
1.26
Water
0.597
2030
0.025
Vapor
× 10−5
28
Water
958
4220
0.679
Liquid
× 10−5
Silicon
2330
766
148
86

𝒉𝒇𝒈 (

𝐽
)
𝑘𝑔

𝑁
𝝈( )
𝑚

2.26
× 106

0.58

-

-

plane. Front and back of the simulation domain must be defined as a wedge boundary
with only cell along the z-direction separating them. A time step independency study was
carried out to find the maximum time step size for this simulation. Results were identical
for time steps of 1 × 10−8 and 1 × 10−7 , for time steps of greater than 1 × 10−6 a
divergence in early stages of simulation was observed. To decrease the computational
time and conserves simulation accuracy, a dynamic time stepping scheme was applied.
This scheme changes the time step based on calculated courant number compared to
maximum allowed courant number between 1 × 10−8 and 1 × 10−6 . Dynamic time
stepping scheme results were identical to previous converged simulations, therefore
dynamics time stepping method was chosen as the main method for temporal evolution.
Initial temperature of fluid and solid was set to be 𝑇𝑠𝑎𝑡 = 373.15 𝑘 and heat flux
was added to solid heater as a boundary condition at the bottom of silicon heater. Water
was heated through solid heater until it reached nucleation activation temperature of
110.8 K after 0.25 s, then a small seed bubble was placed at the predefined nucleation site
which is origin coordinate (0, 0, 0) and growth and departure process was simulated for 5
cycles.
Third departure and growth cycle was compared with experimental study of
Yabuki and O. Nakkabepu [193] (figure 4.5), as shown in the figure there is a strong
agreement between this study’s simulation results and experimental results reported in
literature. Onset of bubble departure radius captured during experimental was reported to
be around 4.4 mm compared to 4.8 mm reported by simulation; onset of departure time
reported by experiment was reported to be 18.25 ms, authors of this study were not able
to report 18.25 ms results since simulation results output was recorded every one ms;
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therefore, onset of departure time during simulation was reported at 18 ms. A developed
superheat liquid pool was also shown in figure 4.5, superheated liquid is also observed
around the bubble outside of superheated liquid pool. Presence of Superheated liquid at
the top of the bubble is due to fact after departure bubble carries the superheated liquid
around the interface after departure, this superheated liquid remains as superheated
column and will affect the next bubble cycles. That is the main reason why although
bubble departure radius remains the same for each departure cycle but bubble radius after
departure increases sharply for each cycle.

Figure 4.5 – Third Bubble cycle comparison with experimental results obtained from
[170]

Figure 4.6 shows nucleation site temperature during nucleate boiling simulation;
bubble growth and departure periods can be identified by bubble base diameter shown on
Table 4.4- Departure time and radius compared to experiments for case II
Experimental
Simulation
𝒕𝒅 (𝒎𝒔)

18.25

18

𝒓𝒅 (𝒎𝒎)

2.2

2.4
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the same figure. Bubble growth and departure period was distinguished by non-zero
bubble base diameters, whereas, waiting period can be marked by zero bubble base
diameters. Effects of micro-layer presence can be observed during the growth time on
nucleation site temperature lines. At time were micro-layer is not depleted at nucleation
site, temperature drop rate decrease slightly till it reaches a depletion point.

Figure 4.6– a. Nucleation Site temperature is during different bubble cycles (Blue) and
bubble base diameter temporal evolution (Red). b- A zoom-in of figure 4.6-a. to
distinguish bubble cycles.

As expected bubble cycle frequencies (including preheat, nucleation, growth and
departure time) decrease by time, because after each cycle superheated layer grows
bigger which causes a more rapid nucleation activation temperature. Figure 4.7 compares
Bubble cycle frequencies with growth and departure frequencies, as it is evident from the
figure, bubble cycle frequencies decrease overtime whereas growth and departure
frequencies follow a constant value which is indicative of force balance dominance on
growth and departure frequencies compared to superheat pool thickness dominance on
cycle frequencies. This dominance was also observed in figure 4.8 in temporal changes in
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bubble radius before departure which remains constant throughout the simulation. It is
also evident that by an increase in super heat pool and a decrease in cycle frequencies
bubble continues to grow after departure, which would see even more increase after each
cycle. This radius increase after departure can be also attributed to presences of a
superheated liquid column which is the residual of previous cycle and it will go into
higher superheat temperatures after each cycle.

Figure 4.7 – Total frequency (waiting period + growth) and growth frequency for each
bubble cycle. Frequency values converge to a constant value for each bubble cycle as
expected.

Temporal evolution of surface temperature was presented in figure 4.9 at different
points on the heater surface in fluid side of the domain, distances are calculated from the
bubble center. Left figure presents the experimental data obtained from literature, and
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right figure represents simulation results. It is evident from the figure 4.9 that simulation
could produce temperature patterns observed by literature. From 50 um up to 1500 um,
effects of bubble generation, growth and departure was clearly observed, whereas further
from 1500 um there is no effect of bubble generation, which means three phase contact
line never reached those points. A sharp decrease of temperature was observed just after
bubble nucleation from 50 um u to 1000 um indicating the presence of micro-layer
underneath the bubble. Therefore, micro-layer reached its depletion point just before
three phase constant line has reached 1000 um point of the heater surface.

Figure 4.8 – Temporal evolution of bubble lateral radius (Red) and bubble base
diameter (Black), bubble lateral dimeter continues to growth to presence of a
superheated liquid pool in the vicinity of bubble after departure.
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Figure 4.9 – Temporal evolution of wall temperature at different distances from
nucleation site, compared to results from experiment [193], experimental results are
depicted on the left and simulation results are depicted on the right.

As three phase contact line advances on the solid heater a temperature drop due to
phase change would occur. This phenomenon happens because of the phase change
happening at the interface, which forces the temperature to drop from superheated
conditions to near saturation conditions just after the phase change. This temperature
drop would not have been visible if the conjugate heat transfer model was not included in
the solver, which marks the importance of conjugate heat transfer analysis. In case of
constant wall temperature of constant wall heat flux; heater boundary’s temperature
would have increased rapidly, which would have a significant effect on nucleate pool
boiling simulation overall and specifically on bubble departure time and departure
frequency. In the presence of constants like accommodation coefficient which can
calibrate the simulation numerically, it is of the utmost importance to consider each and
every important physical characterizes of the nucleate pool and flow boiling such as
micro-layer and conjugate heat transfer effects on the modeling.
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CASE III – WATER NUCLEATE POOL BOILING ANALYSIS ON ITO
In this part of pool boiling simulation author examines nucleates boiling of an
isolated bubble in a subcooled pool of water on a very thin indium tin oxide film heater
based on the study performed by S. Jung et al. [3]. S. Jung et al. [3] have investigated a
case of nucleate boiling where liquid pool is at 3 degrees sub cooling and is heated by a
heat flux of 53 𝑘𝑊/𝑚2 . Nucleation site activation temperature was reported to be at 20
degrees superheat with a contact angle of 65 degrees. Micro-layer thickness was
measured using a total reflection technique which allows for visualization of liquid and
vapor distribution on the surface. Using an ITO thin film heater and a transparent 𝐶𝐹2
plate has made the visualization from the bottom of experimental setup possible. Their
study is one the few available experimental studies that can report experimental values
for micro-layer thickness. They have chosen incident angle of light carefully so that
presence and absence of water could be determined by light or dark spot on the heater
surface. Figure 4.8 present the experimental apparatus they have built to determine
boiling characteristics as well as micro layer thickness. In our simulation for this case we
have used 𝐶𝑠 = 4.46 × 10−3 since initial micro-layer can be assumed to be independent
of heater material [166].
Simulation domain is the same as previous section’s simulation domain which
was presented in chapter 3 (Figure 3.5-a), only difference is the use of ITO thin film
heater on CF2 substrate as heater properties of the water and heater in this simulation is
presented at table 4.5. Water liquid and vapor thermal properties remain the same as
previous case, whereas heater thermal properties changes.
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Figure 4.10 – Schematic diagram of experimental apparatus used by Jung et al. [3] to
measure micro-layer thickness through experimental analysis

Table 4.5-Water and ITO heater properties for the third simulation case.
𝝆(
Water
Vapor

𝑘𝑔
)
𝑚3

0.597

𝝂(

𝑚2
)
𝑠

1.26 × 10−5

𝑪𝒑 (

𝐽
)
𝑘𝑔. 𝐾

2030

𝒌(

𝑊
)
𝑚𝐾

𝐽
)
𝑘𝑔

𝑁
𝝈( )
𝑚

0.025

Water
Liquid

958

28 × 10−5

4220

0.679

ITO

2330

-

766

148
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𝒉𝒇𝒈 (

2.26 × 106

0.58

-

-

As mentioned before based on observed departure size in the literature for this
case, same grid as case II was used to investigate nucleate pool boiling in this simulation.
Initial and boundary conditions remain the same as before except to this film heater
thermal characteristics which are reported in table 4.5 for ITO thin film heater (ITO thin
film heater thermal properties was not reported in source study; therefore, thermal
properties were taken from [197] and [198]), ITO thin film heater thickness which is set
to be 700 nm according to experiments, static contact angle was reported to be 65
degrees, initial liquid pool temperature which was set be to 370.15 K instead of saturation
conditions, and applied heat flux which was set be 53 𝑘𝑊/𝑚2 . This subcooled pool
boiling experiment was chosen to showcase condensation capabilities of the solver as
well as validating micro-layer thickness simulation.
Figure 4.11 represents first two bubble cycles on this case. Subcooling is apparent
from the figure specially after first cycle departure, bubble after departure is surrounded
by a subcooled liquid pool and does not have any access to any source of evaporation
(e.g. superheated layer). Therefore, only phase change affecting bubble size is the
condensation which decrease bubble diameter as bubble alleviates in the simulation
domain. First cycle’s departure happens at an earlier compared to stable boiling
conditions because excessive subcooling that is happening around the bubble that limit
bubble interface progress on the solid heater. Less developed and smaller superheated
layer and subcooled temperature around the bubble creates an upward force
accompanying buoyancy force that is responsible for early departure of the bubble during
first cycle of subcooled nucleate pool boiling. Second bubble cycle agrees very well with
second cycle reported in the experimental analysis performed by Jung et al. [3].
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Figure 4.11 - Bubble cycle for case III, water pool boiling on ITO thin film heater. First
cycle bubble departure happens earlier in the simulation because of excessive subcooling
and smaller superheat layer.
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Table 4.6 tabulates experimental and numerical departure time and diameter
comparison for the second bubble cycle.
Table 4.6- Case III comparison between experimental and simulation results.
Experimental

Simulation

𝒕𝒅 (𝒎𝒔)

15

17.4

𝒓𝒅 (𝒎𝒎)

~ 2.25

2.45

Temporal evolution of nucleation sites temperature should follow the same
pattern previous case followed. As simulation begins nucleation site temperature should
rise until it reaches the activation temperature, where nucleation happens and there is
sharp decrease in nucleation site temperature. Progress of bubble three phase contact line
on the heater surface will result in an increase in maximum micro-layer thickness in early
stages of the bubble growth; bubble departure will pause this sharp decrease for a small
time due to rush of superheated fluid to nucleation site just after the departure. As bubble
moves away from the surface fluid flow caused by this departure would decrease the
temperature through convection until bubble has moved away far enough that its
movement would not affect fluid flow on nucleation site. Figure 4.12 depicts temporal
evolution of nucleation site temperature for first two bubble cycles. Note that preheating
the subcooled fluid would take longer than heating it after bubble departure due to the
fact that although nucleation site temperature may decrease to saturation or subcooled
level conditions at each cycle but for the cycles after the first one there is superheated
layer present elsewhere that helps the heating process through convention heat transfer
(as it is evident from figure 4.12).
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Figure 4.12- Temporal evolution of nucleation site temperature for case III

Bubble and droplet departure frequency and radius is controlled by force balance
during boiling and condensation. Force analysis during boiling process has been studied
in the literature vigorously. T. Alam et al. [199, 200] recently studied effective forces on
flow boiling in pain wall micro channels and nano wired micro channels during flow
boiling. They have shown that most important forces during flow boiling are surface
tension, inertia, shear, buoyancy, and evaporation momentum force. It can be argued that
during a stable pool boiling (where superheated layer has reached a thickness that can
sustain same bubble departure diameter and frequency during several cycles) most
important forces are the buoyancy and surface tension force. This argument is valid
because fluid flow during nucleate pool around the bubble is negligible and evaporation
momentum is insignificant during a stable pool boiling regime. Second bubble cycle
98

force is show in figure 4.13 which shows the accuracy of force estimation of the solver
where departure happens at the same buoyancy force surpasses surface tension force. To
be more exact only z-direction component of surface tension force comes into play
during force balance analysis because other components do not face any opposing forces.

Figure 4.13- Temporal evolution of different forces acting on bubble during nucleate
pool boiling

Fluctuations of the surface tension forces is due to the progression of the interface
which causes a change interface normal vector direction and curvature of the bubble
interface. This directly affects surface tension force calculation. A small percentage of
this fluctuation can also be attributed to presence of spurious currents, which although
very small but is still present during simulation. Surface tension forces remains at the
same ballpark whereas the buoyancy forces increase with bubble growth. Buoyancy force
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is mainly affected by bubble volume increase, this study’s method of calculation
buoyancy force can be formulated as follows:
(4.3)

𝑓𝑏 = 𝑔 ℎ ∇𝜌

Where 𝑓𝑏 is the buoyancy force, ℎ is the distance from nucleation site and ∇𝜌 is density
gradient which is always none-zero at the interface.
As discussed before whole point of case III simulation was to compare maximum
micro-layer thicknesses with micro-layer thicknesses reported in the literature.
Simulation measurement were reported for the second cycle which has the best
agreement with the experimental results. Figure 4.14 compares reported values in the
literature with reported simulation values. As it is evident there is a strong agreement
between simulation results and experimental results specially for the depletion time.

Figure 4.14 – Maximum micro-layer thickness comparison between experimental and
numerical study.
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Numerical analysis micro-layer thickness is more scattered compared reported
experimental. This is because every time three phase contact line occupies a new cell
adjacent to the heater surface, this study’s depletable micro-layer model initialize a new
thickness for that cell. Therefore, if three phase contact line does not deplete one cell and
occupy the next one during some number of time steps; maximum thickness would
decrease and then there would be a sharp increase as soon as a new cell is occupied by
the three-phase contact line.
Strong agreement between experimental results and simulation results in this
chapter shows the capability the developed solver to further investigate more complex
boiling and condensation cases and to investigate heat transfer coefficient in future
chapters.

JACOB NUMBER DEPENDENCY ON DEPARTURE DIAMETER
This study was carried out for five different cases of methane boiling at different
heat fluxes and superheat temperature which are tabulated in table 4. This cases are based
on the experimental study in the literature [201]. This study was performed with methane
as working fluid on copper heater which thermal characteristics are tabulated in table 5,
saturation temperature for the chosen pressure of study is 111.51 𝐾 and accommodation
coefficient was chosen to be 0.03 based on a parametric study performed for one the
cases. Equilibrium or dynamic contact angle was not reported for this study in literature,
so a parametric study was done determine the best suitable contact angle. Compared to
the visualizations provided in literature a contact angle of 30 degrees was chosen for the
case of methane simulation.
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Table 4.7 – Methane Boiling Simulation conditions
Case
Heat Flux (𝒌𝑾/𝒎𝟐 )
1
10.57
2
19.37
3
32.94
4
59.14
5
79.24

∆𝑻 (𝑲)
4.78
6.35
8.06
10.12
11.09

Comparison of bubble departure diameter against Jakob number for experimental
investigation and simulation are presented in figure 4.15. Jakob number represents the
ratio of sensible heat to latent heat absorbed (or released) during the phase change
process and can be calculated by the following equation:

𝐽𝑎 =

𝐶𝑝,𝑙 (𝑇𝑤 − 𝑇𝑠𝑎𝑡 )
ℎ𝑓𝑔

(4.4)

Simulation results are in strong agreement with experimental results and all of them lie in
the error region of experimental results. It should be noted that these experimental results
were reported comprehensively in the study used for this simulation, therefore we have
used other sources to find material properties of methane at saturation condition for
different pressures. Literature study was done for four different pressure of which we
could find saturation properties on methane for case.
Table 4.8 – Physical properties of saturated methane and copper
Density
𝑘𝑔/𝑚3
Methane
Vapor
Methane
Liquid
Copper

1.795
422.6
8954

Viscosity
𝑃𝑎. 𝑠
2.66
× 10−7
1.78
× 10−7
-

Heat
Capacity
𝐽/𝑘𝑔. 𝐾

Thermal
Conductivity
𝑊/𝑚. 𝐾

2232

0.0181

3299

0.184

380

386
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Enthalpy of
phase
change
𝐽/𝑘𝑔

Surface
Tension
𝑁/𝑚

5.11
× 105

0.014

-

-

Figure 4.15 – Bubble departure diameter comparison between experimental and
simulation results. Experimental results were taken from Chen et al. [201].

To perform dimensionless analysis authors have introduced a dimensionless
departure diameter that is a ratio of dimensioned departure diameter over capillary length
of the fluid.
𝑟𝑑,𝑑𝑖𝑚𝑙𝑒𝑠𝑠 =

𝑟𝑑
=
𝜆𝑐

𝑟𝑑
𝜎
√𝜌𝑔

(4.5)

Where 𝑟𝑑,𝑑𝑖𝑚𝑙𝑒𝑠𝑠 is the dimensionless departure diameter, 𝑟𝑑 is the departure
diameter, and 𝜆𝑐 is the capillary length. Figure 4.16 shows dimensionless departure
diameter which is calculated for methane, water, and R113 boiling simulation against
Jakob number. Making departure diameter dimensionless let us compare results for
different fluids numerical and experimental results together and makes them independent
of the working fluid. Best fitted curve shows a cubic polynomial relationship between
dimensionless departure diameter and Jakob number that can be roughly formulated as
followed:
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𝑟𝑑,𝑑𝑖𝑚𝑙𝑒𝑠𝑠 = 0.00811 + 0.05543 𝐽𝑎 − 0.00296 𝐽𝑎2 + 5.07 × 10−5 𝐽𝑎

(26)

This formula can be helpful for future simulation benchmarking which can compute
departure diameter based a Jakob number for a specific case.

Figure 4.16 – Dimensionless bubble departure radius against Jakob number for three
different fluids. A Polynomial pattern is obvious.
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CHAPTER 5
SUBCOOLED FLOW BOILING
In this chapter simulations were carried out to study saturation and subcooled
flow boiling characteristics, and to estimate Interfacial Heat Transfer Coefficient as a
function of mass flux over the interface. First, saturation flow boiling a mini channel was
studied. This is to compare simulation results with available experimental results in the
literature, numerical interfacial Heat Transfer Coefficient were compared with available
experimental result. Second, simulations were carried out to study single bubble flow
boiling in a micro channel, for which experimental studies were in Micro/Nano Scale
Transport lab at University of South Carolina. Interfacial heat transfer coefficient was
estimated for two different cases of flow boiling in micro channel on silicon heater. For
flow boiling in microchannels bubble nucleation and departure (or sliding on the surface)
was also studied a force balance study was also carried out to estimate the most important
forces acting on a bubble flow boiling.
SUBCOOLED FLOW BOILING IN MINI CHANNELS
Kim and Park [2] investigated subcooled flow boiling in mini channels through
experimental means, based on bubble condensation rate they have developed an
analytical method to estimate interfacial heat transfer during a subcooled flow boiling
using water as working fluids (figure 5.1)
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Figure 5.1 – Cross view of experimental setup used by Kim and Park [2]

Their proposed analytical model calculates interfacial heat transfer coefficient
using the following equation:

ℎ𝑐 =

𝜌𝑔 ℎ𝑓𝑔
𝑑𝐷𝑏
(−
)
(𝑇𝑠 − 𝑇𝑙 )
𝑑𝑡

(5.1)

Where ℎ𝑐 is the interfacial heat transfer coefficient, 𝐷𝑏 is the bubble diameter, and 𝑇𝑠 −
𝑇𝑙 is the subcooling temperature. They calculated condensate Nusselt number using the following
equation:
𝑁𝑢𝑐 = 0.2575 𝑅𝑒𝑏0.7 𝐽𝑎𝑙−0.2043 𝑃𝑟𝑙−0.4564

(5.1)

Where 𝑁𝑢𝑐 is the interfacial Nusselt number, 𝑅𝑒𝑏 is the bubble Reynolds number,
𝐽𝑎𝑙 is the liquid Jacob number, and 𝑃𝑟𝑙 is the liquid Prandtl number.
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The simulation domain is snapshot of the experimental domain, where bubble
generation and departure adjacent to heater wall has been simulated and studied. Fluid
part consists of 500 × 125 computational cells which means each cell has a size of
40 𝜇𝑚, and solid part consists of 100 × 10 computational cells. A dynamic time
stepping scheme was applied which adjust the time step based on courant number and
cumulative error starting from 1 × 10−8 𝑚𝑠 to a maximum of 1 × 10−5 𝑚𝑠. It is worth
mentioning that experimental study was performed in a vertical experimental setup which
in numerical study was compensated by changing the direction of gravitational force.
Figure 5.2 represents numerical domain employed in this simulation.
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Figure 5.2 – Two-dimensional simulation domain used to simulate flow boiling in
channels. Comparison of simulation results and experimental results show that 2D
simulation can accurately predict interfacial heat transfer coefficient.

Experimental conditions such as activation temperature and contact angle were
not precisely reported in the aforementioned article, therefore arbitrary conditions based
on reported data, visualization, and other studies available in the literature were assigned
to the simulation. Activation temperature was set to be 393.15 K (20 degrees superheat),
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a subcooled liquid enters the simulation domain at 10 degrees subcooling and 0.088 m/s,
and contact angle was set to be 5 degrees (contact angle for a smooth copper surface is
less than 10 degrees). All other properties (water and copper) are reported in table 5.1.
Saturation properties are water properties at atmospheric condition (saturation
temperature of 373.15 K). Simulation domain was treated as an open channel in which
one part of the domain (heater) is wall and the rest are inlet, Outlet and open boundaries.
Table 5.1- Water and Copper heater properties for flow boiling case.
Density Viscosity
Heat
Thermal
Enthalpy
Capacity
Conductivity
of phase
𝑷𝒂. 𝒔
𝒌𝒈/𝒎𝟑
change
𝑱/𝒌𝒈. 𝑲
𝑾/𝒎. 𝑲
𝑱/𝒌𝒈
Water
Vapor

0.597

Water
Liquid

958

Copper

2330

1.26 × 10−5
28 × 10
-

−5

2030

Surface
Tension
𝑵/𝒎

0.025
2.26 × 106

4220

0.679

766

148

-

0.58

-

Two different sets of simulation were carried out to estimate interfacial heat
transfer coefficient, first one determines bubble nucleation growth and sliding on the
heater surface and the second one concerned with bubble condensation after departure.
Fist simulation basically estimates the interfacial heat transfer coefficient during
nucleation and departure based two methods of calculation: simulations and analytical
models presented in literature. Second simulation plays a validation role, since Kim and
Park [2] studied interfacial heat transfer coefficient during a bubble movement and
condensation after departure, we have carried out the same simulation to replicate their
study and compare experimental results. This studies method of estimating interfacial
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heat transfer coefficient is amount of mass flow through interface which will amount to a
more realistic estimation of interfacial heat transfer coefficient compared to correlation
which are based on experimental studies. Interfacial heat transfer coefficient can be
estimated based on interfacial mass flux based using the following formula:

ℎ𝑖𝑛𝑡 =

𝑚̇ ℎ𝑓𝑔 𝑉𝑐𝑒𝑙𝑙
(𝑇𝑖𝑛𝑡 − 𝑇𝑟𝑒𝑓 )

(5.2)

Were ℎ𝑖𝑛𝑡 in the interfacial heat transfer coefficient, 𝑚̇ is the mass flux at both sides of
the interface, 𝑉𝑐𝑒𝑙𝑙 is computational cell volume, 𝑇𝑖𝑛𝑡 is the interfacial temperature, 𝑇𝑟𝑒𝑓 is the
reference temperature which is basically the same as bulk liquid temperature. It should be noted
that references temperature can account for any temperature that a researcher accounts as
“reference” in their studies. In this work author has determined that reference temperature for the
case of bubble evaporation/condensation should be subcooled liquid temperature and for the case
of droplet evaporation/condensation should superheated vapor temperature. Main reason behind
choosing this reference temperature was the fact that heat transfer coefficient is usually calculated
using ambient temperature as reference temperature, and in this simulation ambient temperature
is the bulk fluid temperature. Figure 5.2 presents the temporal evolution of bubble from inception
to the point of departure. Bubble sliding on the surface during growth time is due to fact that
forces pushing the bubble at the same direction of flow are stronger than forces resisting the flow
field at which time buoyancy force is acting perpendicular to surface tension force and forces
acting on the bubble to initiate the departure are weaker than in a horizontal channel. Temperature
contours as well as bubble interface are shown in this figure, as evident from temporal evolution
of the bubble growth, bubble departure does not happen even at the later stages of growth which
is directly related to weak forces acting against surface tension forces. It should be noted that at
60 ms bubble diameter more than 3 mm which is usually past the departure point for water and
smooth copper during regular pool boiling with a horizontal heater.
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Figure 5.3 – Bubble growth on a copper heater, note that gravity is applied in opposite
direction of flow, therefore buoyancy force is not acting against surface tension force.
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Figure 5.3 shows forces acting on the bubble during this simulation. As evident in the
figure inertia and buoyancy force push the bubble whereas momentum force is resisting the
surface sliding. These forces are calculated in the vicinity of the interface.

Figure 5.4 – Forces acting on the bubble during growth, note that there is no substantial
force acting against surface tension to help the departure process.
Forces acting on a bubble or droplet can be calculated using the following
equations:
(5.3)

𝐹 𝑏 = 𝑔 ℎ ∇𝜌
𝐹𝜎 = 𝜎

∇𝐻

|∇𝐻|

∇𝐻 ×

2𝜌

(5.4)

𝜌 𝑙 + 𝜌𝑔

𝐹 𝜏 = ∇2 (𝜇𝑢
⃗)

(5.5)

𝐹 𝑖 = 𝜌∇𝑢
⃗

(5.6)

"
𝑞𝑒𝑣
1
𝑚̇
𝐹𝑀 = ( ) =
ℎ𝑓𝑔 𝜌𝑔
𝜌𝑔

(5.7)
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Where 𝐹 𝑏 is the buoyancy force, 𝐹 𝜎 is the surface tension force, 𝐹 𝜏 is the shear
force, 𝐹 𝑖 is the inertia force, and 𝐹 𝑀 is the evaporation momentum force. Temporal
evolution of acting forces during the bubble growth process was estimated and presented
in figure 5.4. This force balance presents a clear picture on why departure has not during
this simulation, as evident from the figure not only forces acting perpendicular to the wall
pretty week and are almost nonexistent compared to surface tension force but also surface
tension force remain the most dominant force for the most part of the simulation. It
should be noted that phase change momentum force acts normal to the interface,
therefore there are only two forces which have components in the direction perpendicular
to the wall: surface tension force and phase change momentum force. Among these
forces, phase change momentum force is related to interfacial heat transfer force through
evaporation mass flux and heat flux. Therefore, one can develop new analytical method
to calculate interfacial heat transfer coefficient during condensation and evaporation
using phase change momentum force.
Phase change momentum force acts on two sides of the interface, which basically
means it can be divided to two different forces. First one is the force due to vapor
generation or destruction which acts on the gas side of the interface, this force is called
evaporation momentum. Second one is the force due to liquid destruction or generation,
which acts on the liquid side of the interface, this force is called condensation momentum
force. Based on the interaction of these forces, one can determine condensation or
evaporation happening at each part of interface. If summation of these forces result in
zero then stable phase change is happening which means there won’t be bubble or droplet
growth or departure.
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Figure 5.5 – Magnitude of forces acting on the bubble during growth.

To better study smaller forces acting on the bubble during growth process, figure
5.5 represents a logarithmic scale of the forces. As evident from figure 5.5 evaporation
momentum is bigger than condensation momentum which agrees with the fact that
although there is huge subcooling and subsequently condensation happening, but bubble
is growing due to high heat flux applied from the heater. It should be noted that
oscillation in our estimations of forces are due to bubble sliding on the surface and also
presence of numerical instabilities, but all of the forces remain within the same order of
magnitude which enough accuracy for force balance estimation, analysis, and
comparison.
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Figure 5.6 – A logarithmic representation of magnitude of forces acting on the bubble
during growth.
Same argument as phase change momentum force can be applied to interfacial
heat transfer, where interfacial heat transfer on the vapor side can be called evaporation
interfacial heat transfer and interfacial heat transfer on the liquid side can be called liquid
interfacial heat transfer coefficient. As mentioned before interfacial heat transfer
coefficient can also be calculated based on phase change momentum force based on them
being a function of mass flux through interface. This relationship can be summarized as
following:

ℎ𝑖𝑛𝑡 =

(5.8)

𝜌𝑔 ℎ𝑓𝑔 |𝐹𝑚 |
(𝑇𝑖𝑛𝑡 − 𝑇𝑟𝑒𝑓 )
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Equation would help experimental investigation in determining interfacial heat
transfer coefficient using phase change momentum which is easier to obtain compared to
amount of mass transferred through interface. It should be noted that this study’s force
analysis estimates force in newton per cubic meters which can be converted to newtons
by multiplying it by each cell volume.
Condensation and evaporation interfacial heat transfer coefficient are presented in
figure 5.6. Difference in this heat transfer coefficients is because of net bubble growth
that is happening during simulation.

Figure 5.7 – Evaporation and condensation interfacial heat transfer coefficient.
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To validate results presented in this section a simulation with conditions
comparable to that of Kim and Park [2] was conducted with the same conditions as
before expect for bubble placement. A bubble with a 1 mm radius was placed in the
middle of simulation domain. Therefore, small superheat layer cannot affect bubble and
only phase change happening during this simulation will be bubble condensation. Figure
5.7 presents a schematic of this simulation.
Bubble temporal evolution is depicted in figure 5.8 were bubble is moving in the flow
direction and shrinking in size at the same time. Using this temporal evolution interfacial
heat transfer coefficient can be calculated based on volume change rate. Bubble
condensation results liquid heating around the bubble were the energy release from
condensation heats up the surrounding liquid and as the bubble moves because of flow it
leaves behind traces of heated liquid. In case of multiple bubble condensation these liquid
heating will slow down the condensation process which in turn will affect other flow
boiling properties such phase change momentum force and interfacial heat transfer
coefficient.
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Figure 5.8- A schematic of the 2nd simulation case based on Kim and Park [2].
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Figure 5.9 – Temporal evolution of bubble condensation on a copper heater, interfacial
heat transfer was calculated using volume change rate of the bubble.
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To make interfacial heat transfer calculation simpler bubble dimeter change rate
𝑑𝐷

was calculated by changing partial derivate ( 𝑑𝑡𝑏 ) to bubble radius difference between
∆𝐷

each time step presented in the figure 5.8 ( ∆𝑡𝑏 ). Bubble volume change rate and its
corresponding interfacial heat transfer coefficient for each time step presented in figure 5.8 was
calculated and presented in Table 5.2.

Table 5.2- Bubble volume change rate and its corresponding IHTC
Time (𝒎𝒔)

0

10

20

30

40

50

∆𝐷𝑏 𝒎
( )
∆𝑡 𝒔

0

-0.200425

-0.1769

-0.16525

-0.14925

-0.13375

0

45225.9

39917.49

37288.66

33678.26

30180.69

𝑾

IHTC 𝒎𝟐 𝑲

These heat transfer coefficient data were not directly obtained by Kim and Park
[2], they are calculated based on the method developed by them. Kim and Park’s focus in
their study was calculate Nusselt number for different cases of Reynolds number which is
different focus than this study. Therefore, we have used their developed equation instead
of their presented results. Figure 5.9 presents a direct comparison between results
obtained by analytical model developed by Kim and Park and IHTC data calculated
directly during simulation. There is a fair agreement between analytical and simulation
results and decreasing trend of the analytical results is also captures in simulation. This
agreement shows that this study’s method to estimate interfacial heat transfer coefficient
is accurate and it can be used to estimate interfacial heat transfer coefficient in other
cases.
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Figure 5.10- comparison between analytical model obtained from literature and
simulation results

The decrease in interfacial heat transfer coefficient can be contributed to the fact
the condensation process causes a decrease in total interfacial area which in turn results in
smaller overall heat transfer and heat transfer coefficient. Effect of condensation can also
be studied on the forces acting on the bubble; it can be expected that phase change
momentum force faces a small reduction decreases over time since as bubble progresses
in the computational domain, condensation rate decreases and therefore overall mass flow
rate through interface decreases as well. Shear force should decrease sharply compared to
growth simulation because shear force is strongest near the wall were wall shear stress
plays in important role in the force balance. figure 5.10 compares different forces acting
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on the bubble interface, as it is evident from the figure all expectations about shear force
and phase change momentum force were met.

Figure 5.11- force analysis for the condensation case.

Buoyancy force sees a sharp increase during this condensation process which may look
unreasonable but considering the fact that this force acts against gravity and bubble is
moving in the opposite direction of gravity makes this increase in buoyancy force
explainable; as bubble moves in the computational domain its height increases which has
a direct impact on the buoyancy force and can suppress the effects of bubble volume
change, height increase would not have an effect during growth process since bubble
volume change is much greater during that time.
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Figure 5.12- Condensation simulation force analysis in a log scale.

A log scale analysis shows that shear force and phase change momentum force
are many orders of magnitude smaller during condensation simulation (figure 5.11),
which indicates that this during pure condensation process were bubble is far away from
heater wall and superheat layer does not have any effect on the wall, bubble movement
and phase change process is dominated by surface tension, buoyancy and inertia.
This part of the flow boiling in channel was mostly designed to validate
interfacial heat transfer coefficient modeling and its ability in force analysis. Next part of
this moves to micro channel flow which more challenging to simulate numerically.
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SUBCOOLED FLOW BOILING IN MICROCHANNELS
Microchannel flow boiling is one the most effective means of removing heat from
a surface [11], there has been a lot of studies that has focused on the subject of
microchannel performance. This part of our research focuses on bubble generation and
growth in a microchannel, formation of slugs in the microchannel, and their
corresponding interfacial heat transfer coefficient and force analysis. Figure 5.12
represent the experimental apparatus that is the basis for this numerical analysis. A single
microchannel was fabricated by a team of researcher in Micro/Nano transport lab to study
single bubble generation, growth, and collapse within the microchannel. Experiments was
run in many conditions which are used as input for numerical analysis, these conditions
are presented in table 5.3.

Figure 5.13- Experimental apparatus used to investigate single bubble generation,
growth, and collapse in a single micro channel.
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Table 5.3- Single bubble in a micro channel study conditions
condition

1

2

3

4

5

Input heat flux (𝑐𝑚2 )

608.43

708.91

824.50

1560

2200

𝑑𝑇 𝐾
( ) × 10−4
𝑑𝑥 𝑚

4.1

4.78

5.57

10.54

14.86

0.2

0.3

0.5

0.5

1.1

0.416

0.625

1.0416

1.0416

2.3541

𝑊

𝑚𝑙

Flow rate (min)
𝑚

Inlet Velocity ( 𝑠 )

There is a small heater responsible for generating bubbles, that is placed
underneath microchannel. Heater heats up a small zone of computational domain
therefore a single nucleation site is defined at the middle of heater which generates initial
bubbles of 0.05 𝜇𝑚 diameter upon reaching the activation temperature. First few cycles
of bubble generation condensate quickly because of weakly developed superheat layer.
Between heater and liquid there is 250 𝜇𝑚 of silicon which is set to be the solid part of
our simulation. OpenFOAM accepts inputs in forms of velocity for flow rate and
temperature gradient for heat flux, therefore, experimental input variables have been
converted to OpenFOAM friendly variable which are also presented in table 5.3.
Working fluid is water with subcooling temperature of 75 degrees. Based of simple heat
transfer simulation it can be estimated that at the micro channel inlet subcooling
temperature is around 20 degree which is set as the temperature inlet condition of this
study. Other inlet condition was chosen based experimental condition provided in table
5.3. Physical properties of water and silicon are presented in table 5.4, these properties on
properties of water and silicon at atmospheric saturation conditions. Based on
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visualizations made from experimental studies three phase contact angle was set to be
less than 5 degrees (in this 2.5 degrees) and activation temperature was set 30 degrees
superheat (403.15 K).
Table 5.4 – Physical properties of fluid and solid heater
Density
𝑘𝑔/𝑚3
Water
Vapor
Water
Liquid
Silicon

0.597
958
2330

Viscosity
𝑃𝑎. 𝑠
1.26
× 10−5
28
× 10−5
-

Heat
Capacity
𝐽/𝑘𝑔. 𝐾

Thermal
Conductivity
𝑊/𝑚. 𝐾

2030

0.025

4220

0.679

766

148

Enthalpy
of phase
change
𝐽/𝑘𝑔

Surface
Tension
𝑁/𝑚

2.26
× 106

0.58

-

-

A two-dimensional numerical domain was developed to simulate single bubble
behavior in a micro channel (figure 5.13). a 5 𝜇𝑚 cell size was chosen for this simulation
which for this simulation results is 1600 × 50 cells in the fluid part of computational

𝑚
𝑔 = 9.8 2
𝑠

𝑂𝑢𝑡𝑙𝑒𝑡

domain (A total 80000 of cells).
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𝑢𝑖 = 𝑣𝑎𝑟𝑖𝑒𝑠

q

Figure 5.14 – Schematic of computational domain used to simulate single bubble
behavior in micro channel
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To verify selected cell size would properly and accurately simulate flow boiling in
micro channels a case of pure condensation has been run with four different mesh sizes.
One with chosen mesh size of this study, two with smaller mesh size and one with
coarser mesh size. Table 5.5 tabulated mesh sizes and number cells used in flow boiling
in micro channels grid independency study.
Table 5.5 – Grid sizes used in grid independency study
Cell
Grid
Cell size (um)
Numbers
1
800 × 25
10
2
1600 × 50
5
3
2.5
3200 × 100
4
1.25
6400 × 200

This grid independency case does not have heating applied to it, and a bubble of 1
mm radius is applied at the middle of the channel where it is attacked by a subcooled
flow from channel inlet. As expected pure condensation results in bubble shrinking to
smaller size. For inlet velocity case number 3 was chosen without its heating element,
which is an arbitrary selection since we should reach the same grid independency
solution for any simulation case. A schematics of grid independency initial condition is
presented in figure 5.14-a, were bubble initial condition as well as other initial condition
are apparent. Bubble evolution after 0.5 ms is presented in figure 5.14-b were it is evident
that all grid sizes solutions converge to the same bubble size, which is indicative of the
fact that even grid number 1 which is the coarsest grid we could have reached the same
stable solution as we have with our main grid size (grid number 2). For the rest of this
simulation as mentioned before grid number 2 has been chosen as the main
computational grid.
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Figure 5.15-a – A schematics of grid independency case. b- comparison between
different cases with different cell sizes. Grid 1, blue, Grid 2, red, Grid 3, Green, Grid 4,
Black

Five different cases were ran for micro channel flow boiling up to 0.1 ms, bubble
temporal evolution for each of the cases was studied and it was shown that for cases with
higher heat flux and higher inlet velocity nucleation happens faster, but a sustained
bubble growth happens at later stage of simulation. Table 5.6 provide first nucleation data
for combination of heat flux and inlet velocity.
Table 5.6- First nucleation for each condition
condition

1

2

3

4

5

First nucleation (ms)

4.415

2.969

2.068

0.419

0.216
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Earlier nucleation is because of the thermal boundary layer forming adjacent to the heater
wall in which fluid velocity as well as temperature is zero and wall conditions for
velocity and temperature respectively. Therefore, incoming subcooled fluid current is not
powerful enough to cool down the nucleation site but after bubble nucleation were bubble
get in contact with bulk subcooled fluid due to higher velocity of bulk liquid superheat
layer move further down the channel and bubble does not have enough time to sustain a
growth period, it takes longer for subcooled fluid to become hotter and let a sustained
growth period begins. For cases of higher velocity and higher heat flux bubble departure
and nucleation frequency is higher than the rest, due to presence of hotter liquid in
thermal boundary layer which results in activation temperature reaching faster than other
cases.
Figure 5.15-5.19 illustrate bubble nucleation, growth, and interfacial condensation
for each five cases. 3 different time of simulation for each case was presented to illustrate
the fact that bubble generation at earlier conditions happens later in the simulation, but a
sustainable growth happens earlier than later cases because higher subcooling in later
cases. As explained before this strong subcooling pushes causes a stronger condensation
on the bubble surface.

4 𝑚𝑠
4.5 𝑚𝑠
5 𝑚𝑠
Figure 5.16- Temperature and volume fraction contours case 1
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3 𝑚𝑠
3.5 𝑚𝑠
4 𝑚𝑠

Figure 5.17- Temperature and volume fraction contours case 2

2 𝑚𝑠
2.5 𝑚𝑠
3 𝑚𝑠

Figure 5.18- Temperature and volume fraction contours case 3
1 𝑚𝑠
2 𝑚𝑠
2.5 𝑚𝑠

Figure 5.19- Temperature and volume fraction contours case 4

0.5 𝑚𝑠
1 𝑚𝑠
2 𝑚𝑠
Figure 5.20- Temperature and volume fraction contours case 5
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It should be noted that figure 5.15 to 5.19 dimensioned were changed to be more
presentable; while the real dimensions of this micro channel setup 8 𝑚𝑚 × 250 𝑢𝑚
these figures do not represent this real dimension and their dimensions have been
changed.
Interfacial heat transfer coefficient is a function of amount mass flux passing
through interface as well as subcooling temperature (which is used as a reference
temperature). Therefore, there should not any meaningful relationship between heater
power and inlet velocity. As it is evident from figure 5.20, highest interfacial heat transfer
coefficient belongs to case 3 where compared to other two heat flux and inlet velocity are
at a maximum. But this pattern is not followed by other cases which mainly due to the
fact that higher flux causes higher bubble generation which in turn cause a drop in
superheat layer temperature and therefore a drop in mass flux. It is worth mentioning
worth 4 and 5 are omitted from this comparison due to their huge difference in nucleation
time scale.
To have the most optimum heat transfer from a subcooled flow boiling in micro
channel, combination of heat flux and inlet velocity must be chosen in a way that a
sustained bubble growth and departure period happens. Where superheat layer should not
very powerful to cause a slug and not that weak not to be able to kick start bubble
generation. Although case 1 has a higher maximum interfacial heat transfer coefficient
but it does not mean it is more effective in heat transfer. A look back at figure 5.15 and
5.16 shows that total interfacial heat transfer area in higher than that of case, which
indicates a more optimal solution for heat removal through micro channels compared to

129

case 1. A special look was given to case 3 which is without a doubt the most effective
and optimized mean of heat removal through a micro channel.

Figure 5.21- Temporal interfacial heat transfer coefficient comparison for case 1 to 3.
Based on interfacial heat transfer coefficient and bubble cycles case 3 can be
determined as the most effective case in heat removal.

A force analysis for this case reveals that this cycle and flow boiling is dominated
by shear and surface tension force, buoyancy force is never having a meaningful impact
on the boiling process, which is indicative of the fac that although growth and departure
is not dominated by buoyancy but it will affect the simulation at later stages. A look at
force analysis from figure 5.21 shows orders of magnitude difference between surface
tension, shear and inertia force compared to buoyancy and evaporation momentum force.
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Figure 5.22- Forces acting on the bubble in the micro channel, case 3 simulation.

The jump in the phase change momentum can be explained easily looking the
nucleation trends, right around the time one of the bubble present in the channel
condensates completely there is a drop in phase change momentum, and the sharp
increase just after that is because of the fact that all heater resources is now redirected to
the other bubble within the channel.
This chapter was dedicated to calculating interfacial heat transfer coefficient
during different sizes and conditions of flow boiling in a micro channel. Interfacial heat
transfer coefficient is a key factor in determining the performance of cooling device such
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a micro channel which employs multiphase phase change methods. We were able to
develop a method to analyze heat transfer through micro channels, study different
contributing factors to a micro channel performance.
Next chapter will summarize this work and will put some recommendation and
suggestions for future work on the table.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
This work aimed to accomplish to tasks, first was to develop a comprehensive
phase change code that can simulate and analyze the phase change phenomena with the
highest level of accuracy possible, second was study most important contributing factor
to heat transfer during nucleate and pool boiling and find out the optimum conditions for
designing and manufacturing cooling devices. In this chapter, a summary of the
achievements in code development and heat transfer analysis is provided and a road map
for future research is depicted.

CODE DEVELOPMENT
Multiple factor was taken into account during code development process, first was
to improve and stabilize volume of fluids method, second to include most important
physics during boiling phenomena, and third was to generate accurate data which are
comparable to experimental results. These improvements can be categorized in different
parts:
•

Spurious current reduction was done by a combination of curvature and volume
fraction smoothing methods in addition to capillary pressure separation from
PISO pressure corrections scheme as well as introducing and improving
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previously developed simplified combined level set volume of fluid method (SCLSVOF). Interface residuals that remain in each cell after interface passes
through a cell was taken care by using Heaviside function obtained from level set
instead of volume fraction to calculate source terms and surface tension.
Heaviside function that is computed here is smoother than volume fraction and
therefore can improve source term calculations.
•

Micro-layer was modeled using a previously developed method, and it was
improved upon by including none-equilibrium conditions of interface. Deviations
of interfacial temperature from saturation temperature was taken into account
during development of micro-layer model.

•

None-equilibrium phase change model was included in a code in such a way that
is capable of studying condensation and evaporation at the same computational
domain, which made subcooled boiling simulations possible.

•

Reciprocal effects on solid heater and fluid domain was taken into account by
solving a coupled matrix for temperature. Using this solid matrix helped us to
embed conjugate heat transfer analysis within the code.

•

Including a homogenous nucleation based on activation temperature made
studying bubble cycles possible. This nucleation model in not only capable of
studying a single nucleation sites but can also handle multiple nucleation sites
with different activation temperatures.

•

Inclusion of a dynamic contact scheme in the code can help improve the accuracy
of micro channel simulation. Since experimental static constant angles are usually
measured in isolation, and apparent contact angles are prone to different kind of
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errors. A dynamic contact angle model that determine the angle of the three-phase
contact line based on interface velocity can increase simulation accuracy and
stability.
After developing the code, it was put to test using different benchmarking schemes
and was validated using different analytical and experimental data. Next step after
validation was to use the simulate nucleate pool and flow boiling.

NUCLEATE BOILING SIMULATION
This study used the developed code to simulate and analyze two types nucleate
boiling: nucleate pool boiling and nucleate flow boiling.
•

Different pool boiling experiments was used to validate our code, after validation
we have used the code to study bubble cycles and its effect on heat transfer during
pool boiling. Interfacial heat transfer coefficient and forces acting on a bubble
were analyzed and studied. Eventually but simulating a lot different experimental
case a non-dimensional study was conducted to introduce a new benchmarking
method relating non-dimensional departure radius to Jacob number. This
benchmarking method help researchers to validate their nucleate pool boiling
results without the need to have a comparable experimental result and it can
compute a ballpark number departure radius for simulation validation purposes.

•

Other main contribution of this study was in form of developing a new method to
calculate interfacial heat transfer coefficient. This method helped us determine the
most optimum condition for heat transfer during subcooled flow boiling in micro
channels. We have also suggested a new method to calculate interfacial heat
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transfer coefficient using phase change momentum force. Phase change
momentum can be easily calculated from visualization during an experimental
study and can be used to calculate interfacial heat transfer coefficient through a
simple relation. A force analysis study was also conducted which to the best of
author’s knowledge is among the first numerical studies that conduct a force
analysis during nucleate pool and flow boiling.
Although a comprehensive study on phase change phenomena was conducted but there is
still a lot of work that can be done to improve upon this study, both in code improvement
and in physics of phase change, therefore in next part of this chapter some suggestions
and recommendation are put forward that can be road map to further this study.

FUTURE WORK
Multiple routes can be taken to further this study, first to improve upon the code
to make it even more accurate and more stable, and second to study new phase change
physics.
•

This code can be further improved by inclusion a geometric interface
reconstruction for curvature calculations. Current interface reconstruction
schemes although accurate in curvature estimation, usually have a tendency of
omitting some important physics and suffer from mass loss. Therefore, it is
recommended to use interface reconstruction data only for curvature estimation
and not for volume fraction advection. A more accurate curvature will help
stabilize the code and will output more accurate phase change results.
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•

Other improvement to the code can be the inclusion of temperature dependent
fluid properties which will determine some of the physics that are not possible to
capture with constant thermal properties.

•

There is a huge gap in numerical study of droplet condemnation and evaporation.
This code is capable on studying droplet condensation. For future research we can
want to use our code to analyze droplet condensation on hybrid surface and study
their effects on droplet force balance and interfacial heat transfer coefficient.
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APPENDIX A
CODE SUMMARY
Source code used to simulate multiphase flows with phase change is presented
here, note that not all developed libraries are presented due to space limitation and some
parts of the code has been omitted.
1. chtMrHardtBoilingSCLSVOFFoam.C
/*---------------------------------------------------------------------------*\
=========
|
\\
/ F ield
| foam-extend: Open Source CFD
\\
/
O peration
| Version:
3.2
\\ /
A nd
| Web:
http://www.foam-extend.org
\\/
M anipulation | For copyright notice see file Copyright
------------------------------------------------------------------------------License
This file is part of foam-extend.
foam-extend is free software: you can redistribute it and/or modify it
under the terms of the GNU General Public License as published by the
Free Software Foundation, either version 3 of the License, or (at your
option) any later version.
foam-extend is distributed in the hope that it will be useful, but
WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the GNU
General Public License for more details.
You should have received a copy of the GNU General Public License
along with foam-extend. If not, see <http://www.gnu.org/licenses/>.
Application
chtMrHardtBoilingFoam
Description
A comprehensive solver aimed to solved the evaporation phase change problems.
Model includes:
- Interfacial Phase change
- Micro-layer phase change
- Volume Fraction smoothing and spurious currents reduction
Model developed by Mostafa Mobli, University of South Carolina.
\*---------------------------------------------------------------------------*/
#include "fvCFD.H"
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#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include

"MULES.H"
"subCycle.H"
"phaseChangeTwoPhaseMixture.H"//add
"interfaceProperties.H"
"interfacePropertiesPsi.H"
"twoPhaseMixture.H"
"coupledFvMatrices.H"
"regionCouplePolyPatch.H"
"thermalModel.H"
"interpolationTable.H"
"alphaContactAngleFvPatchScalarField.H"
"fixedFluxPressureFvPatchScalarField.H"
"volPointInterpolation.H"
"pointMesh.H"
"pointFields.H"
"fixedValuePointPatchFields.H"
"CICSAM.H"

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //
int main(int
{
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include

argc, char *argv[])
"setRootCase.H"
"createTime.H"
"createFluidMesh.H"
"createSolidMesh.H"
"readGravitationalAcceleration.H"
"createFluidFields.H"
"createSolidFields.H"
"initContinuityErrs.H"
"readTimeControls.H"
"correctPhi.H"
"CourantNo.H"
"setInitialDeltaT.H"

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //
Info<< "\nStarting time loop\n" << endl;
while (runTime.loop())
{
Info<< "Time = " << runTime.timeName() << nl << endl;
#include
#include
#include
#include

"readTimeControls.H"
"readPISOControls.H"
"CourantNo.H"
"setDeltaT.H"

// Detach patches
#include "detachPatches.H"
const volScalarField& vDotPv = twoPhaseProperties-> vDotPv();
const volScalarField& mDotTEv = twoPhaseProperties->mDotTEv();
#include "alphaEqnSubCycle.H"
interfaceProperties interfaceH(H, U, twoPhaseProperties);
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#include "pcEqn.H"
#include "UEqn.H"
for (int corr = 0; corr < nCorr; corr++)
{
#include "pEqn.H"
}
// Update thermal conductivity in the solid
solidThermo.correct();
ksolid = solidThermo.k();
rhoCpsolid.oldTime();
rhoCpsolid = solidThermo.rho()*solidThermo.C();
// Coupled patches
#include "attachPatches.H"
kappaEff.correctBoundaryConditions();
ksolid.correctBoundaryConditions();
// Interpolate to the faces and add thermal resistance
surfaceScalarField ksolidf = fvc::interpolate(ksolid);
solidThermo.modifyResistance(ksolidf);
#include "solveEnergy.H"
#include "MicroRegion.H"
cellVolu = deltaXv*deltaYv*deltaZv;
fb = gh * fvc::grad(rho);
fi = fvc::div(rhoPhi,U);
ft = fvc::laplacian(muEff,U);
fm =
(pow(vDotPv,2)/rho2)*cellSize*(fvc::grad(alpha1)/(mag(fvc::grad(alpha1))+interface
H.deltaN()));
fsm
fbm
fim
ftm
fmm

=
=
=
=
=

mag(fs);
mag(fb);
mag(fi);
mag(ft);
mag(fm);

hi = vDotPv*hEvap*cellSize/(T-Tref);
gradT = fvc::snGrad(T);
heatFlux = fvc::interpolate(kappaEff)*gradT;
AveHeatFlux = fvc::average(heatFlux);
const volPointInterpolation& pInterp = volPointInterpolation::New(mesh);
pointScalarField Q1dp(pInterp.interpolate(AveHeatFlux));
Qdp.internalField() = Q1dp;
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const volPointInterpolation& pInterp2 = volPointInterpolation::New(mesh);
pointScalarField T1p(pInterp2.interpolate(T));
Tp.internalField() = T1p;
Info<< "Nucleation Site Temperature = " << Tp[in] << endl;
if( Tp[in] >= Tact.value() && H[in] > 0.9 )
{
Info<< "Nucleation Time :D :D :D"<< endl;
//runTime.writeAndEnd();
Info<< "latestTime = " << runTime.timeName() << endl;
//return false;
#include "nucleation.H"
runTime.writeNow();
}
forAll(mesh.C(),i)
{
if (H[i]<0.5 && i < imax)
{
rLAlpha[i]=rL[i];
}
else
{
rLAlpha[i] = 0.0;
}
}
forAll(mesh.C(),i)
{
if (H[i]<0.5)
{
bubbleVol[0] = bubbleVol[0] + mesh.V()[i];
}
}
forAll(rLAlpha.boundaryField(),i)
{
rLAlpha.boundaryField()[i] == 0.0;
}
runTime.write();
Info<< "ExecutionTime = " << runTime.elapsedCpuTime() << " s"
<< " ClockTime = " << runTime.elapsedClockTime() << " s"
<< nl << endl;
}
Info<< "End\n" << endl;
return(0);
}

// ************************************************************************* //
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2. alphaEqnSubCycles.H

label nAlphaCorr
(
readLabel(piso.lookup("nAlphaCorr"))
);
label nAlphaSubCycles
(
readLabel(piso.lookup("nAlphaSubCycles"))
);
volScalarField divU(fvc::div(phi));
for (int aCorr=0; aCorr<nAlphaCorr; aCorr++)
{

#include "solveLSFunction.H"
interfacePsi.correct();
interfaceProperties interfaceH(H, U, twoPhaseProperties);
#include "alphaEqn.H"
alpha1.correctBoundaryConditions();
#include "solveLSFunction.H"
interfacePsi.correct();
psi1.correctBoundaryConditions();
#include "Hflux.H"
H.correctBoundaryConditions();
#include "updateAlpha.H"
}
rho = H*rho1 + (scalar(1) - H)*rho2;
rhoCp = H*rho1*cp1 + (scalar(1) - H)*rho2*cp2;
mu = H*rho1*nu1 + (scalar(1) - H)*rho2*nu2;
kappaEff = H*k1+(scalar(1)-H)*k2;
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3. alphaEqn.H

{
word alphaScheme("div(phi,alpha)");
word alpharScheme("div(phirb,alpha)");
surfaceScalarField phic = mag(phi/mesh.magSf());
//phic = min(interface.cAlpha()*phic, max(phic));
surfaceScalarField phir = phic*interface.nHatf();
surfaceScalarField phiAlpha =
fvc::flux
(
phi,
alpha1,
alphaScheme
);
su = fvc::div(phi) * alpha1;
MULES::explicitSolve(geometricOneField(), alpha1, phi, phiAlpha, sp, su,
1, 0);
Info<<
<<
<<
<<
<<

"Liquid phase volume fraction = "
alpha1.weightedAverage(mesh.V()).value()
" Min(alpha1) = " << min(alpha1).value()
" Max(alpha1) = " << max(alpha1).value()
endl;

}

159

4. createFluidFields.H

Info<< "Reading transportProperties\n" << endl;
IOdictionary transportProperties
(
IOobject
(
"transportProperties",
runTime.constant(),
mesh,
IOobject::MUST_READ,
IOobject::NO_WRITE
)
);
Info<< "Reading field psi\n" << endl;
volScalarField psi1
(
IOobject
(
"psi1",
runTime.timeName(),
mesh,
IOobject::MUST_READ,
IOobject::AUTO_WRITE
),
mesh
);
Info<< "Reading field pd\n" << endl;
volScalarField pd
(
IOobject
(
"pd",
runTime.timeName(),
mesh,
IOobject::MUST_READ,
IOobject::AUTO_WRITE
),
mesh
);
Info<< "Reading field alpha1\n" << endl;
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volScalarField alpha1
(
IOobject
(
"alpha1",
runTime.timeName(),
mesh,
IOobject::MUST_READ,
IOobject::AUTO_WRITE
),
mesh
);

Info<< "Reading field H\n" << endl;
volScalarField H
(
IOobject
(
"H",
runTime.timeName(),
mesh,
IOobject::MUST_READ,
IOobject::AUTO_WRITE
),
mesh
);
Info<< "Reading field U\n" << endl;
volVectorField U
(
IOobject
(
"U",
runTime.timeName(),
mesh,
IOobject::MUST_READ,
IOobject::AUTO_WRITE
),
mesh
);
Info<< "Reading field T\n" << endl;
volScalarField T
(
IOobject
(
"T",
runTime.timeName(),
mesh,
IOobject::MUST_READ,
IOobject::AUTO_WRITE
),
mesh
);
#

include "createPhi.H"

161

//- Create fields needed for phase change model
Info<< "Reading field psi0\n" << endl;
volScalarField psi0
(
IOobject
(
"psi0",
runTime.timeName(),
mesh,
IOobject::MUST_READ,
IOobject::AUTO_WRITE
),
mesh
);
volScalarField psiv
(
IOobject
(
"psiv",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::NO_WRITE
),
psi0
);
volScalarField psil
(
IOobject
(
"psil",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::NO_WRITE
),
psi0
);
volScalarField rhoSource
(
IOobject
(
"rhoSource",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::NO_WRITE
),
mesh,
dimensionedScalar("rhoSource", dimensionSet(1,-3,-1,0,0,0,0), 0.0)
);
volScalarField mMl0
(
IOobject

162

(
"mMl0",
runTime.timeName(),
mesh,
IOobject::MUST_READ,
IOobject::AUTO_WRITE
),
mesh
);
volScalarField mMl
(
IOobject
(
"mMl",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::NO_WRITE
),
mMl0
);
volScalarField MMl
(
IOobject
(
"MMl",
runTime.timeName(),
mesh,
IOobject::MUST_READ,
IOobject::AUTO_WRITE
),
mesh,
dimensionedScalar("MMl", dimensionSet(1,-2,-1,0,0,0,0), 0.0)
);
// Micro-Layer Source Term in Solid Energy Equation
volScalarField hMlSource
(
IOobject
(
"hMlSource",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::NO_WRITE
),
mesh,
dimensionedScalar("hMlSource", dimensionSet(1,-1,-3,0,0,0,0), 0.0)
);
//**********Volume Fraction sources**********//
// alpha explicit Source Term
volScalarField su
(
IOobject
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(
"su",
runTime.timeName(),
mesh
),
mesh,
dimensionedScalar("su", dimensionSet(0,0,-1,0,0,0,0), 0.0)
);
// alpha implicit Source Term
volScalarField sp
(
IOobject
(
"sp",
runTime.timeName(),
mesh
),
mesh,
dimensionedScalar("sp", dimensionSet(0,0,-1,0,0,0,0), 0.0)
);
//********** Micro-region related variables **********//
// Total resistance of micro-layer
volScalarField R
(
IOobject
(
"R",
runTime.timeName(),
mesh
),
mesh,
dimensionedScalar("R", dimensionSet(-1,-2,3,1,0,0,0), 0.0)
);
// Cooling Source Term
volScalarField hESourceMl
(
IOobject
(
"hESourceMl",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::NO_WRITE
),
mesh,
dimensionedScalar("hESourceMl", dimensionSet(1,-1,-3,0,0,0,0), 0.0)
);
//********** Local HTC **********//
volScalarField hi
(
IOobject
(
"hi",
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runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
mesh,
dimensionedScalar("hi", dimensionSet(1,0,-3,-1,0,0,0), 0.0)
);
/*volScalarField him
(
IOobject
(
"him",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
mesh,
dimensionedScalar("him", dimensionSet(1,0,-3,-1,0,0,0), 0.0)
);*/
//dimensionedScalar mEvap ("mEvap", dimensionSet(1,0,-1,0,0,0,0), 0.0);
Info<< "Reading transportProperties\n" << endl;
//twoPhaseMixture twoPhaseProperties(U, phi, "alpha1");
autoPtr<phaseChangeTwoPhaseMixture> twoPhaseProperties =
phaseChangeTwoPhaseMixture::New(U, phi, "H");

const dimensionedScalar& rho1 = twoPhaseProperties->rho1();
const dimensionedScalar& rho2 = twoPhaseProperties->rho2();
const dimensionedScalar& cp1 = twoPhaseProperties->cp1();
const dimensionedScalar& cp2 = twoPhaseProperties->cp2();
const dimensionedScalar& k1 = twoPhaseProperties->k1();
const dimensionedScalar& k2 = twoPhaseProperties->k2();
const dimensionedScalar& nu1 = twoPhaseProperties->nu1();
const dimensionedScalar& nu2 = twoPhaseProperties->nu2();

// Instantiate a pointMesh object
pointMesh pMesh(mesh);
volScalarField delta0
(
IOobject
(
"delta0",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
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mesh,
dimensionedScalar("delta0", dimLength, 0.0)
);
//- alpha cutoff value for source term distribution
// (no source terms in cells with cutoff < alpha1 < 1-cutoff)
scalar cutoff = readScalar
(
mesh.solutionDict().subDict("PISO").lookup("cutoff")
);
scalar in = readScalar
(
mesh.solutionDict().subDict("PISO").lookup("in")
);
scalar Cslope = readScalar
(
mesh.solutionDict().subDict("PISO").lookup("Cslope")
);
scalar imax = readScalar
(
mesh.solutionDict().subDict("PISO").lookup("imax")
);
scalar zmax = readScalar
(
mesh.solutionDict().subDict("PISO").lookup("zmax")
);
scalar jmax = readScalar
(
mesh.solutionDict().subDict("PISO").lookup("jmax")
);
scalar nucR = readScalar
(
mesh.solutionDict().subDict("PISO").lookup("nucR")
);
scalar nucx = readScalar
(
mesh.solutionDict().subDict("PISO").lookup("nucx")
);
scalar nucy = readScalar
(
mesh.solutionDict().subDict("PISO").lookup("nucy")
);
scalar nucz = readScalar
(
mesh.solutionDict().subDict("PISO").lookup("nucz")
);
dimensionedScalar dimMeter
(
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"dimMeter",
dimLength,
1.0
);
dimensionedScalar
dimensionedScalar
dimensionedScalar
dimensionedScalar
dimensionedScalar
dimensionedScalar
dimensionedScalar
dimensionedScalar
dimensionedScalar

deltaZ(twoPhaseProperties->lookup("deltaZ"));
cellSize(twoPhaseProperties->lookup("cellSize"));
Rgas(twoPhaseProperties->lookup("Rgas"));
hEvap(twoPhaseProperties->lookup("hEvap"));
C(twoPhaseProperties->lookup("C"));
Tsat(twoPhaseProperties->lookup("Tsat"));
Tref(twoPhaseProperties->lookup("Tref"));
DPsi(twoPhaseProperties->lookup("DPsi"));
Tact(twoPhaseProperties->lookup("Tact"));

dimensionedScalar deltaXv(twoPhaseProperties->lookup("deltaXv"));
dimensionedScalar deltaYv(twoPhaseProperties->lookup("deltaYv"));
dimensionedScalar deltaZv(twoPhaseProperties->lookup("deltaZv"));

volScalarField rLAlpha
(
IOobject
(
"rLAlpha",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
mesh,
dimensionedScalar("rLAlpha", dimLength, 0.0)
);
volScalarField rL = U.mesh().C() & vector(1,0,0);
rLAlpha = rL;
forAll(mesh.C(),i)
{
if (i<imax)
{
delta0[i] = (Cslope*mag(rL[i]));
}
}
volScalarField delta2
(
IOobject
(
"delta2",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
mesh,
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dimensionedScalar("delta2", dimLength, 0.0)
);
forAll(mesh.C(),i)
{
if (i<imax)
{
if(alpha1[i]<0.5)
{
delta2[i] = delta0[i];
}
}
}
if(runTime.outputTime())
{
forAll(mesh.cells(),celli)
{
alpha1[celli] = H[celli];
}
}
// Need to store rho for ddt(rho, U)
volScalarField rho
(
IOobject
(
"rho",
runTime.timeName(),
mesh,
IOobject::READ_IF_PRESENT
),
H*rho1 + (scalar(1) - H)*rho2,
H.boundaryField().types()
);
rho.oldTime();
// Need to store rho for ddt(rho, U)
volScalarField rhoCp
(
IOobject
(
"rhoCp",
runTime.timeName(),
mesh,
IOobject::READ_IF_PRESENT
),
H*rho1*cp1 + (scalar(1) - H)*rho2*cp2,
H.boundaryField().types()
);
rhoCp.oldTime();
volScalarField mu
(
IOobject
(
"mu",
runTime.timeName(),

168

mesh,
IOobject::READ_IF_PRESENT
),
H*rho1*nu1 + (scalar(1) - H)*rho2*nu2,
H.boundaryField().types()
);
mu.oldTime();
//The following two fields supports the Kistler contact angle model
volScalarField muEffKistler
(
IOobject
(
"muEffKistler",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::NO_WRITE
),
//mesh,
mu
);
// Kistler contact angle model needs the sigma vol scalar field to be in the
// objectRegistry - even though sigma is already in the interface object
// below
volScalarField sigma
(
IOobject
(
"sigmaKistler",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::NO_WRITE
),
mesh,
dimensionedScalar(twoPhaseProperties->lookup("sigma"))
);
// Mass flux
// Initialisation does not matter because rhoPhi is reset after the
// alpha1 solution before it is used in the U equation.
surfaceScalarField rhoPhi
(
IOobject
(
"rhoPhi",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::NO_WRITE
),
rho1*phi
);
surfaceScalarField rhoCpPhi
(

169

IOobject
(
"rhoCpphi",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::NO_WRITE
),
rho1*cp1*phi
);
Info<< "Calculating field g.h\n" << endl;
volScalarField gh("gh", g & mesh.C());
surfaceScalarField ghf("gh", g & mesh.Cf());
label pdRefCell = 0;
scalar pdRefValue = 0.0;
scalar pRefValue = 0.0;
setRefCell
(
pd,
mesh.solutionDict().subDict("PISO"),
pdRefCell,
pdRefValue
);
volVectorField fb
(
IOobject
(
"fb",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
mesh,
dimensionedVector("fb", dimMass/(dimLength*dimLength*dimTime*dimTime),
vector(0,0,0))
);
volVectorField fs
(
IOobject
(
"fs",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
mesh,
dimensionedVector("fs", dimMass/(dimLength*dimLength*dimTime*dimTime),
vector(0,0,0))
);
volVectorField ft
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(
IOobject
(
"ft",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
mesh,
dimensionedVector("ft", dimMass/(dimLength*dimLength*dimTime*dimTime),
vector(0,0,0))
);
volVectorField fi
(
IOobject
(
"fi",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
mesh,
dimensionedVector("fi", dimMass/(dimLength*dimLength*dimTime*dimTime),
vector(0,0,0))
);
volVectorField fm
(
IOobject
(
"fm",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
mesh,
dimensionedVector("fm", dimMass/(dimLength*dimLength*dimTime*dimTime),
vector(0,0,0))
);
volScalarField fsm
(
IOobject
(
"fsm",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
mesh,
dimensionedScalar("fsm", dimMass/(dimLength*dimLength*dimTime*dimTime),
0.0)
);
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volScalarField fbm
(
IOobject
(
"fbm",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
mesh,
dimensionedScalar("fbm", dimMass/(dimLength*dimLength*dimTime*dimTime),
0.0)
);
volScalarField ftm
(
IOobject
(
"ftm",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
mesh,
dimensionedScalar("ftm", dimMass/(dimLength*dimLength*dimTime*dimTime),
0.0)
);
volScalarField fim
(
IOobject
(
"fim",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
mesh,
dimensionedScalar("fim", dimMass/(dimLength*dimLength*dimTime*dimTime),
0.0)
);
volScalarField fmm
(
IOobject
(
"fmm",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
mesh,
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dimensionedScalar("fmm", dimMass/(dimLength*dimLength*dimTime*dimTime),
0.0)
);
volScalarField pc
(
IOobject
(
"pc",
runTime.timeName(),
mesh,
IOobject::MUST_READ,
IOobject::AUTO_WRITE
),
mesh
);
#

include "attachPatches.H"
Info<< "Reading field kappaEff\n" << endl;
volScalarField kappaEff
(
IOobject
(
"kappaEff",
runTime.timeName(),
mesh,
IOobject::MUST_READ,
IOobject::AUTO_WRITE
),
mesh
);
//value of temperature at each point variable declaration
pointScalarField Tp
(
IOobject
(
"Tp",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
pMesh,
dimensionedScalar("Tp", dimensionSet(0,0,0,1,0,0,0), 0.0)
);
surfaceScalarField gradT
(
IOobject
(
"gradT",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::NO_WRITE
),

173

mesh,
dimensionedScalar("gradT", dimTemperature/dimLength,scalar(0))
);
surfaceScalarField heatFlux
(
IOobject
(
"heatFlux",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::NO_WRITE
),
mesh,
dimensionedScalar("heatFlux", dimensionSet(1,0,-3,0,0,0,0),scalar(0))
);
volScalarField AveHeatFlux
(
IOobject
(
"AveHeatFlux",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::NO_WRITE
),
mesh,
dimensionedScalar("AveHeatFlux", dimensionSet(1,0,-3,0,0,0,0),scalar(0))
);
volScalarField bubbleVol
(
IOobject
(
"bubbleVol",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
mesh,
dimensionedScalar("bubbleVol", dimensionSet(0,3,0,0,0,0,0),scalar(0))
);
pointScalarField Qdp
(
IOobject
(
"Qdp",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::AUTO_WRITE
),
pMesh,
dimensionedScalar("Qdp", dimensionSet(1,0,-3,0,0,0,0), 0.0)
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);
// create access for cell volumes during runtime
volScalarField cellVolu
(
IOobject
(
"cellVolu",
runTime.timeName(),
mesh,
IOobject::NO_READ,
IOobject::NO_WRITE
),
mesh,
dimensionedScalar("zero", dimVolume, 0.0)
);
// Construct interface from alpha1 distribution
interfaceProperties interface(alpha1, U, twoPhaseProperties);
interfacePropertiesPsi interfacePsi(psi1, alpha1, U, twoPhaseProperties);
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5. createSolidFields.H
Info<< "Reading field Tsolid\n" << endl;
volScalarField Tsolid
(
IOobject
(
"T",
runTime.timeName(),
solidMesh,
IOobject::MUST_READ,
IOobject::AUTO_WRITE
),
solidMesh
);
Info<< "Reading solid thermal properties" << endl;
thermalModel solidThermo(Tsolid);
Info<< "Reading solid diffusivity k\n" << endl;
volScalarField ksolid
(
IOobject
(
"k",
runTime.timeName(),
solidMesh,
IOobject::MUST_READ,
IOobject::AUTO_WRITE
),
solidMesh
);
Info<< "Constructing rhoCp\n" << endl;
volScalarField rhoCpsolid
(
IOobject
(
"rhoCpsolid",
runTime.timeName(),
solidMesh,
IOobject::NO_READ,
IOobject::NO_WRITE
),
solidThermo.rho()*solidThermo.C()
);
rhoCpsolid.oldTime();
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6. Hflux.H
{
word alphaScheme("div(phi,H)");
surfaceScalarField phiH =
fvc::flux
(
phi,
H,
alphaScheme
);
//sp = fvc::div(phi);
su = fvc::div(phi) * H;
MULES::explicitSolve(geometricOneField(), H, phi, phiH, sp, su, 1, 0);
//MULES::explicitSolve(H, phi, phiH, 1, 0);
rhoPhi = phiH*(rho1 - rho2) + phi*rho2;
rhoCpPhi = phiH*(rho1*cp1 - rho2*cp2) + phi*rho2*cp2;
Info<<
<<
<<
<<
<<

"Liquid phase volume fraction = "
H.weightedAverage(mesh.V()).value()
" Min(H) = " << min(H).value()
" Max(H) = " << max(H).value()
endl;

}
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7. microRegion.H

dimensionedScalar Rph = (2.0C)*pow(2.0*Foam::mathematicalConstant::pi*Rgas*pow(Tsat,3.0),0.5)/(2.0*C*pow(hEvap
,2)*rho2);
for(int i=0; i<imax; i++)
{
if (H[i]<0.5 && delta2[i] == 0)
{
if (H.oldTime()[i]>=0.5 && delta2.oldTime()[i] == 0)
{
delta2[i]=delta0[i];
Info<< "New delta2" "["<<i<<"] = "<< delta2[i] << ",
}
}
}

";

forAll(mesh.C(),celli)
{
if (delta2[celli]>1e-10)
{
Info<< "delta2" << "["<<celli<<"] = "<< delta2[celli] << ",
}
}

";

int k = jmax;
for(int i=0; i<imax; i++)
{
if (delta2[i]>1e-10)
{
R[i] = (deltaZ.value()/ksolid[k])+(delta2[i]/k1.value())+Rph.value();
hMlSource[i] = (Tsolid[k]-T[i])/R[i];
MMl[i] = hMlSource[i]/hEvap.value();
}
else
{
MMl[i] = 0.0;
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hMlSource[i] = 0.0;
R[i] = 0.0;
}
k = k+1;
}
volScalarField alpha2Prime = mag(fvc::grad(1.0-H));
dimensionedScalar intAlpha2Prime = fvc::domainIntegrate(alpha2Prime);
dimensionedScalar intAlphaAlpha2Prime = fvc::domainIntegrate((1.0-H)*alpha2Prime);
dimensionedScalar N2 ("N2", dimensionSet(0,0,0,0,0,0,0), 0.0);
if (intAlphaAlpha2Prime.value() > 1e-99)
{
N2 = intAlpha2Prime/intAlphaAlpha2Prime;
}
mMl0 = MMl*alpha2Prime;

//- Smearing of source term field
/*fvScalarMatrix mMlEqn
(
fvm::Sp(scalar(1),mMl) - fvm::laplacian(DPsi,mMl) == mMl0
);
mMlEqn.solve();*/
hESourceMl = mMl0 * hEvap;
/*for(int i=0; i<imax; i++)
{
if (delta2[i]>1e-10)
{
delta2[i] = delta2[i] - runTime.deltaT().value()*(MMl[i]/rho1.value());
}
}*/
fvScalarMatrix delta2Eqn
(
fvm::ddt(delta2) == -1/rho1*MMl
);
delta2Eqn.solve();
for(int i=0; i<imax; i++)
{
if (H[i]>0.5)
{
delta2[i]=0.0;
}
else
{
if (delta2[i]<1e-10)
{
delta2[i] = 1e-10;
}
}
}
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Info<<endl;

8. nucleation.H

vector M (nucx, nucy, nucz);
forAll(alpha1, cellI)
{
vector x = mesh.C()[cellI];
//alpha1[cellI] = max(min(1.0-(mag(x-M)-nucR+eps)/(2.0*eps),1.0),0.0);
if (mag(x-M)<nucR)
{
alpha1[cellI] = 0;
}
/*else
{
alpha1[cellI] = 1;
}*/
}
runTime.setDeltaT
(
min
(
maxCo*runTime.deltaT().value()/CoNum,
maxDeltaT
)
);
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9. pcEqn.H

//surfaceScalarField deltasf =
fvc::snGrad(H)*(scalar(2.0)*fvc::interpolate(rho))/(rho1+rho2);
surfaceScalarField fcf = (interfaceH.sigmaK())*(fvc::snGrad(rho)/(rho1rho2))*(scalar(2.0)*fvc::interpolate(rho))/(rho1+rho2);;
// Reconstruct for plotting
if(runTime.outputTime())
{
fs = fvc::average(fcf*mesh.Sf()/mesh.magSf());
}
// Solve capillary pressure
fvScalarMatrix pcEqn
(
fvm::laplacian(pc) == fvc::div(fcf*mesh.magSf())
);
pcEqn.setReference(pdRefCell, getRefCellValue(pd, pdRefCell));
pcEqn.solve();
// Filter capillary flux
surfaceScalarField phic1 = mesh.magSf() * (fcf);
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10. pEqn.H
{
volScalarField rUA = 1.0/UEqn.A();
surfaceScalarField rUAf = fvc::interpolate(rUA);
U = rUA*UEqn.H();
surfaceScalarField phiU
(
"phiU",
(fvc::interpolate(U) & mesh.Sf())
+ fvc::ddtPhiCorr(rUA, rho, U, phi)
);
adjustPhi(phiU, U, pd);
phi = phiU +
(
- ghf*fvc::snGrad(rho) * mesh.magSf()
+ phic1
- fvc::snGrad(pc) * mesh.magSf()
)*rUAf;

for(int nonOrth=0; nonOrth<=nNonOrthCorr; nonOrth++)
{
fvScalarMatrix pdEqn
(
fvm::laplacian(rUAf, pd) == fvc::div(phi) - vDotPv/rho - mMl/rho
);
pdEqn.setReference(pdRefCell, pdRefValue);
if (corr == nCorr - 1 && nonOrth == nNonOrthCorr)
{
pdEqn.solve(mesh.solutionDict().solver(pd.name() + "Final"));
}
else
{
pdEqn.solve(mesh.solutionDict().solver(pd.name()));
}
if (nonOrth == nNonOrthCorr)
{
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phi -= pdEqn.flux();
}
}
U += rUA*fvc::reconstruct((phi - phiU)/rUAf);
U.correctBoundaryConditions();

#include "continuityErrs.H"
}

11. UEqn.H

surfaceScalarField muEff = fvc::interpolate(mu);
fvVectorMatrix UEqn
(
fvm::ddt(rho, U)
+ fvm::div(rhoPhi, U)
//- fvm::Sp(fvc::ddt(rho) + fvc::div(rhoPhi), U)//add
- fvm::laplacian(muEff, U)
- (fvc::grad(U) & fvc::grad(muEff))
- mu*fvc::grad(fvc::div(U))
);
UEqn.relax();
if (momentumPredictor)
{
solve
(
UEqn
==
fvc::reconstruct
(
- ghf*fvc::snGrad(rho) * mesh.magSf()
+ phic1
+ (
- fvc::snGrad(pc)
- fvc::snGrad(pd)
)*mesh.magSf()
)
);
}
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12. solveEnergy.H
{
// Solid side
include "readSolidControls.H"
//Energy-temperature loop
label
nEnergyLoops(readLabel(alpha1.mesh().solutionDict().subDict("PISO").lookup("nEnerg
yLoops")));
#

//for (int EEqnCount = 0; EEqnCount <= nEnergyLoops; EEqnCount++)
//{

//volScalarField rhoCp = H*rho1*cp1+(scalar(1)-H)*rho2*cp2;
//surfaceScalarField alphaPhi = (rhoPhi-phi*rho2)/(rho1-rho2);
//surfaceScalarField rhoCpPhi = alphaPhi*(rho1*cp1-rho2*cp2)+phi*rho2*cp2;
volScalarField Dc = scalar(1.0)/rhoCp;
volScalarField Dk = kappaEff/rhoCp;
coupledFvScalarMatrix TEqns(2);
fvScalarMatrix* TFluidEqn = new fvScalarMatrix
(
fvm::ddt(T)
+ fvm::div(phi,T)
- fvm::laplacian(Dk, T)
- fvm::Sp(fvc::div(phi),T)
+ fvm::Sp((Dc * mDotTEv),T)
==
Dc * (mDotTEv) * Tsat
+ Dc * hMlSource
);
fvScalarMatrix* TSolidEqn = new fvScalarMatrix
(
fvm::ddt(rhoCpsolid, Tsolid)
- fvm::laplacian(ksolidf, Tsolid, "laplacian(k,T)")
);
// Add fluid equation
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TEqns.set(0, TFluidEqn);
// Add solid equation
TEqns.set(1, TSolidEqn);
TEqns.solve();
// }
}

13. solveLSfunction.H
// solve Level-Set function as the re-initialization equation
Info<< "solve the reinitialization equation"
<< nl << endl;
interfacePsi.correctPsi0();
psi1 == interfacePsi.psi0();
for (int corr=0;
corr<int(interfacePsi.epsilon().value()/interfacePsi.deltaTau().value()); corr++)
{
psi1 = psi1 + interfacePsi.psi0()/mag(interfacePsi.psi0())*(double(1)mag(fvc::grad(psi1))*dimMeter)*interfacePsi.deltaTau();
psi1.correctBoundaryConditions();
}
//interfacePsi.correctDeltaH();
// update Heaviside function
forAll(mesh.cells(),celli)
{
if(psi1[celli] < -interfacePsi.epsilon().value())
H[celli] = double(0);
else if(interfacePsi.epsilon().value() < psi1[celli])
H [celli] = double(1);
else
H[celli] =
double(1.0)/double(2.0)*(double(1.0)+psi1[celli]/interfacePsi.epsilon().value()+Fo
am::sin(M_PI*psi1[celli]/interfacePsi.epsilon().value())/M_PI);
};
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14. updateAlpha.H
if(runTime.outputTime())
{
forAll(mesh.cells(),celli)
{
// if (alpha1[celli] < 0.0001 || alpha1[celli] > 0.9999)
//{
alpha1[celli] = H[celli];
//}
}
}
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