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Numerical study of nucleate boiling
Diffuse interface simulations of steam bubble departures from superheated wall
ADAM JOHANSSON
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract
Nucleate boiling is a type of boiling which is characterised by the nucleation, growth
and rise of vapour bubbles at the superheated surface. Because latent heat is typ-
ically much larger than sensible heat, the heat transfer associated with nucleate
boiling is much larger than that of other forms of liquid cooling. Despite its im-
portance, the effect of the wall and fluid properties on heat transfer is not yet fully
understood, due to the several mechanisms involved and the many governing param-
eters. In a field where experiments are cumbersome and hard to realise, numerical
simulations are of out most importance to increase our understanding. Here we in-
vestigate the effect of contact angle θw, wall superheat temperature ∆T and number
of nucleation sites Nbub on the departure of boiling steam bubbles in quiescent liquid
water by means of a novel Diffuse Interface (DI) algorithm for weakly compressible
flows. More specifically we estimate the time-averaged Nusselt number, quantifying
the non-dimensional wall heat flux. The maximum time averaged Nusselt number
was found for ∆T = 2.5 K, θw = 45° and Nbub = 1, which was the lowest super-
heat temperature, smallest contact angle and lowest number of nucleation sites that
were tested. However these results are to be taken with reservations since the simu-
lated bubbles were of several orders of magnitude larger than physical bubble nuclei,
probably underestimating the effect of phase change on heat transfer. More work is
required to obtain an algorithm that is stable enough to simulate a wider range of
parameters.

Keywords: boiling, phase change, diffuse interface, bubble, heat transfer, nucleate
boiling, contact angle.
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

CFD Computational Fluid Dynamics
CHF Critical Heat Flux
DI Di�use Interface
EOS Equation of State
HTC Heat transfer coe�cient
NASG Noble-Able sti�ened-gas
RK3 Third order Runge-Kutta
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Nomenclature

Below is the nomenclature of indices, symbols and non-dimensional numbers that
have been used throughout this thesis.

Indices

i Indices for spatial components of vector quantities

k Indices for phasic quantities

n Time step

m Sub time step

� Index for fractional step prediction

y Index for value after phase transition

Symbols

� k Volume fraction

~� m RK3 coe�cients

bk Phasic parameter of the EOS
~� m RK3 coe�cients

� r Regularisation velocity scale parameter

� k Grüneisen coe�cient


 k Phasic parameter of the EOS

~
 m RK3 coe�cients

Cpk Extensive phasic heat capacity

C� t Courant number

c Mixture speed of sound

DE Divergence of viscous dissipation

Du i Divergence of viscous stress tensor
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d0 Initial bubble diameter

� Small tolerance

" Interface thickness

E Mixture internal energy per unit volume

Ek Internal energy per unit volume

� k Phasic heat bond

� k Entropy constant

f Kernel function

Gi Gravitiational force per unit volume

gi Gravitiational acceleration

gk Gibbs free energy

h Heat transfer coe�cient

hk Speci�c enthalpy

� w Static contact-angle

� Heat conduction coe�cient

� pk Speci�c heat capacity at constant pressure

� vk Speci�c heat capacity at constant volume

K Heat conduction

L w;k Lagrange multiplier

lx Domain size in x-direction

ly Domain size in y-direction

� Dynamic viscosity

M Mass transfer term

mk Mass per unit volume

� Chemical relaxation parameter

Nbub Number of nucleation sites

Nx Number of grid points in x-direction

Ny Number of grid points in y-direction

ni Interface normal vector

p Pressure

p1 k Phasic parameter of the EOS

q Heat �ux

� Mixture density

� k Phasic density
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� i Surface tension force per unit volume

� i Surface tension coe�cient

Sp Pressure source term

ST Temperature source term

sk Speci�c entropy

� ij Viscous stress tensor

T Temperature

� T Superheat temperature

t Time

ui Velocity

x i Space coordinates

	 Level-set function

Non-dimensional numbers

Eo Eötvös number

F r Froude number

Ja Jakob number

� � Heat conductvity ratio

� � Viscosity ratio

� � Density ratio

Nu Nusselt number

Re Reynolds number

We Weber number
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1
Introduction

The global demand for energy is ever rising and a sustainable solution to meet the
demand calls for a multitude technical improvements and innovations. One part
in this solution is the increase in e�ciency of both generation and consumption
of energy [1]. Both energy producing industries such as solar energy and thermal
power, and the energy consuming �eld of electronics require e�cient and fast heat
transfer [2]. The most e�cient way to increase heat transfer is often through phase
change since the latent heat involved in the phase transition is generally much larger
than the sensible heat. Recent advancements in micro- and nanotechnologies enables
high-resolution control of surface properties which in�uences phase transitions such
as boiling and condensation. To utilise this control to manufacture surfaces with
optimum characteristics more experimental and theoretical knowledge about the
physical phenomena involved is needed [1].

In this thesis the bubbles formed during boiling at a superheated wall will be studied
computationally. The heat transfer from wall to �uid together with the dynamical
behaviour and phase change of the bubbles will be investigated through numeri-
cal simulations. More speci�cally the e�ect of wettability, superheat temperature
and number of nucleation sites will be probed. In the remainder of this chapter a
more extensive background of the project will be presented, followed by the project
objective.

1.1 Background

A multiphase �ow is a �uid dynamical �ow containing two or more thermodynamic
phases [3]. Frequently these phases are found to be of separate states of matter,
e.g. liquid and gas �ow, however generally this is no constraint with oil and water
�ow being one example of same state of matter multiphase �ow. Multiphase �ows
are present in a multitude of di�erent �elds, with examples such as power genera-
tion, heat exchangers, sediment transport, food industry, water treatment and the
biomedical sector [4]. It is present in virtually all processing technologies, from cav-
itation in turbines and pumps to the creation of plastics and paper-making. Natural
phenomena includes the formation of clouds, avalanches, land slides, fog, snow, to
name a few [5]. Moreover, it plays a vital role in biology with the �ow of blood
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1. Introduction

cells (as one of the most important examples) as well as complex dynamics of the
membrane of prokaryotic and eukaryotic cells [6].

There are a wide range of complexities connected to multiphase �ows, with the broad
spectrum of scales and how to handle the interaction between di�erent phases being
two major issues. The wide range of scales, where behaviour on the metre or kilome-
tre scale demands capturing and the smallest phenomena occuring on the nano-scale,
leads to modelling challenges [5]. It also means that separation of scales can not be
guaranteed, which imposes further complications regarding the underlying assump-
tions in the governing equations. Another challenging aspect of studying multiphase
�ow systems is the dynamical interactions between phases, with possibility of mass
transfer between the phases. A typical example of mass transfer is phase change,
which consists of various thermo-physical phenomena mostly governed by variation
of state variables of the system such as pressure and temperature.

Phase changes involve the absorption or release of latent heat, which is of interest
from a perspective of heat transfer and cooling. In general, phase change phenomena
can be categorised into six groups, namely, freezing (transition from liquid to solid
phase), deposition (solidi�cation of gaseous phase), melting (solid phase converting
to liquid phase), condensation (gaseous phase lique�es), sublimation (solid mate-
rial changing directly into gaseous phase) and vaporisation (transition from liquid
to gaseous phase). There are two types of vaporisation: evaporation and boiling.
Evaporation occurs below the boiling point, but only at the surface of a liquid,
whereas the bulk phenomenon boiling occurs when a liquid reaches its boiling point.

Heat transfer by the means of boiling is utilised in a wide variety of technological
applications such as electronics cooling, heat exchangers and water cooled nuclear
reactors to name a few. Despite its widespread use, boiling and how it is e�ected by
the formation of bubbles, is a complex phenomenon that is still not fully understood.
The reason for this is the di�erent kinds of mechanisms responsible for heat transfer
depending on the �ow �eld and the large numbers of variables a�ecting the process.
Compared to single phase heat transfer we have additional parameters such as latent
heat of vaporisation, surface tension, saturation temperature and vapour density [2].

In general, boiling occurs when the liquid temperature reaches the saturation tem-
perature at a given pressure, i.e. the vapour pressure being equal to the surrounding
pressure. Vapour can form in the bulk of the liquid, called homogeneous nucleation,
for example by microwave heating of an already superheated liquid. The most com-
mon way of nucleation is however heterogenous nucleation, meaning that bubbles
form either from pre-existing gas nuclei in the bulk of the liquid or at impurities or
cavities at the heated surface. These initiation locations are called nucleation sites.
As long as the wall temperature is above the saturation temperature boiling can
occur, either with the liquid being at the saturation temperature as well (saturated
boiling) or with the liquid temperature being below the saturation temperature
(subcooled boiling). Boiling can also be divided into two categories depending on
the �ow �eld of the �uid above the superheated surface. These are pool boiling, the
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1. Introduction

case when the �uid above the wall is initialy stagnant, and �ow boiling, meaning
that the �uid is forced over the surface by e.g. a pump.

Pool boiling is widely used, and espcially a sub-category called nucleate pool boiling,
which is known for its high heat transfer coe�cients. There are di�erent regimes
of pool boiling, depending on i.a. the wall superheat temperature, where nucleate
boiling is just one of them. The Figure 1.1, from Faghri and Zhang [7], presents
the pool boiling curve which shows the correlation between superheat temperature
and wall heat �ux for water at atmospheric pressure. For the lowest wall superheat
temperatures, natural convection is occuring and no vapour bubbles are formed at
the wall. An increase of superheat temperature leads to the nucleation of vapour
bubbles at the wall, marking the start of the nucleate boiling regime. For an in-
creased heat �ux and wall temperature the frequency, both spatially and temporally,
of bubble nucleation increases. Initially the heat transfer is governed by a combi-
nation of natural convection and vapour bubbles, where the convection acts in the
regions between the bubbles. An increase of wall temperature leads to the bubble
nucleation being so profound that it completely dominates the heat transfer, this
is the point for maximum heat �ux. Additional increase of temperature is followed
by reaching the so called critical heat �ux (CHF), where the nucleation site density
becomes high enough for spots of vapour �lm to form on the surface, denoting the
start of the transition boiling regime. This is followed by a drastic decrease in heat
�ux due to the insulating gas, if the wall is held at a constant temperature, or an
increase in wall temperature if the heat �ux is �xed. A point of minimum heat �ux
is reached called the Leidenfrost point, where the vapour forms a �lm over the entire
surface, and after that the heat �ux is once again increased [2]. In this study we will
investigate nucleate boiling regime because of the very high heat transfer in relation
to superheat temperature.

Figure 1.1: Plot of wall heat �ux versus wall superheat temperature for pool
boiling [7].
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1. Introduction

To extend our knowledge within this �eld theory, experiments and numerical simula-
tions have been used by researchers. The underlying theory is crucial for setting up
and interpreting the results of both experiments and simulations. Experiments are
vital for verifying mathematical models and simulation methods. They have also
been fruitful in observing and explaining boiling phenomena. Van Ouwerkerk [8]
studied pool boiling and observed dry areas on the heating surface when the critical
heat �ux was approached. Yu et. al. [9] studied heat transfer from water boiling on
horizontal surfaces at sub-atmospheric pressures and reported an increase in heat
transfer for increasing pressure. The e�ect of contact angle on CHF was investigated
by Liao et. al. [10] and their results suggest an increase in CHF for increasingly
hydrophilic surfaces. A very fascinating phenomenon was observed by Rahman, Pol-
lack and McCarthy when they organised bubble nucleation sites in rows by spatially
varying the wall temperature. A 5x increase of heat transfer due to resonance e�ects
was observed at a given superheat temperature for wall temperature variations with
spatial wavelength approximately equal to the capillary length [11].

Experiments are however cumbersome and there are limitations on the level of detail
of the results obtained, with surface tension being a hard measured quantity. Theory
also has restrictions, with many assumptions being made. Therefore high-�delity
numerical simulations are important tools to contribute to the deep understanding
of the underlying mechanisms [12]. During the last decades, a variety of numerical
frameworks have been introduced by di�erent researchers aiming at understanding
more details of multiphase systems and in particular boiling heat transfer. On
the smallest scales molecular dynamics simulations are utilised to understand the
behaviour of multiphase phenomena such as the interface between water and vapour,
where the length and time scales are much smaller then those of the �ow �eld [13].
Then there are are methods based on microscopic models and mesoscopic kinetic
equations, with the main example being the Lattice Boltzmann method [14]. In this
method the underlying theory is based on the kinetic theory of gases instead of the
continuum description. Finally we have the family of methods whose frameworks
are building on the continuum description of the �uid and solving the Navier-Stokes
equations. These methods can be divided into one �uid- and two �uid-methods.
In the two �uid-method, termed Eulerian-Eulerian, both phases are modelled as
continua and are fully interpenetrating, making the detailed information about the
interface lost [15]. Single �uid-methods apply a single set of governing equations in
the entire domain, representing the di�erent phases with di�erent phasic properties,
e.g. density, viscosity and heat conduction. This set of equations is also valid at the
interface between phases, but this comes with a new set of challenges [16]. In this
project a method belonging to the latter group will be used for our simulations.

One of the most challenging tasks in numerical simulations of multiphase �ows
is that of simulating the interface between two or more phases. The challenges
arises from the fact that the width of the interface is of the molecular length scale,
much smaller than the length scale of interest in the �uid. Even if we would try
to perform simulations on that length scale the continuum description would be
violated, rendering the chosen simulation framework not valid. Five main challenges
are identi�ed connected to the interface: ensuring conservation of mass, momentum
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and kinetic energy, modelling large discontinuities of properties such as density over
the interface, guarantee separation of scales and handling complex topologies, correct
implementation of surface tension forces and �nally achieving robust simulations
of realistic �ows [17]. To deal with these issues, one �rst has to keep track of
the interface. How this is done is mainly divided into two categories: interface-
tracking and interface-capturing. The former approach is implemented by marking
the interface with a set of Lagrangian points and tracking the movement of said
points, hence the name. Examples of methods taking this approach are the Immersed
Boundary Method [18] and Front Tracking [19]. In the latter approach the interface
is instead captured by the use of an indicator function, de�ned on the same Eulerian
mesh as the governing equations. This indicator function varies between di�erent
values in di�erent phases and the interface is captured by monitoring where the
indicator function yields intermediate values. Both approaches have advantages and
disadvantages, and the suitable method has to be chosen depending on the studied
problem. For this study an interface-capturing approach is utilised, with one on the
main advantages being the absence of Lagrangian points needed to be tracked.

Interface-capturing techniques can be divided into two main categories depending
on how the interface is represented: sharp interface methods and di�use interface
(DI) methods. In sharp interface methods the �uid properties jump sharply across
the interface, whereas in DI methods the physical properties are functions of the
phase indicator function and varies smoothly [17]. Examples of two prominent
sharp interface methods are volume-of-�uid methods [20] and level-set methods [21].
In this project however we will resolve to using a DI method, which present some
advantages in compressible mulitphase �ows despite the drawbacks connected to the
interface being signi�cantly larger than the physical interface. One of the advantages
is that the thermodynamic consistency is kept everywhere, even at the interface. The
overall stability and accuracy is also bene�ted from that the increased resolution in
the numerical calculations of the property gradients due to the di�used interface.
Lastly, the merging and detaching of interfaces occurs naturally, which is a great
advantage in boiling simulations [22].

The Baer-Nunziato model [23] is the most general form of two-phase DI model. It
consists of seven equations: two mass conservation equations (one for each phase),
two momentum conservation equations, two total energy conservation equations
and one volume fraction evolution equation. This model is what is called a non-
equilibrium model since there is no requirement for kinetic, mechanical, thermal
or chemical equilibrium where the two phases coexist. With other words, the two
phases do not need to have same velocity, pressure, temperature or Gibbs free energy
in those regions. By the relaxation of said quantities di�erent models can be derived,
depending on the problem at hand. For problems governed by conductive heat
transfer, a four equation model introduced by Abgrall [24] is well suited. This model
imposed kinetic, mechanical and thermal equilibrium. Phase change is modelled
by a procedure of relaxing Gibbs free energy. To solve this model an algorithm
developed by Demouet al. [22] will be used. The idea behind this numerical
methodology is combining the pressure-based approach from incompressible �ow
and applying this to �ows with phase change, which are compressible altough at low
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1. Introduction

Mach numbers. This algorithm was further improved by Shahmardi [4] by adding
interface regularistation and contact angle functionality.

Using this novel algorithm the behaviour of boiling bubbles will be investigated. The
e�ect of contact angle, density of nucleation sites and superheat temperature is to be
analysed, both on the growth and detachment of the bubbles and the heat �ux from
the wall to the �uid. The existence of an optimum con�guration of parameters that
allows for maximum heat �ux coe�cient, i.e. ratio of wall heat �ux to superheat
temperature, will be probed. For measure the dimensionless Nusselt numberNu
will be used, normalising the heat �ux coe�cient with a characteristic length scale
and heat conduction coe�cient.

The hypothesis is that there will be an optimum amount of bubble contact with
the wall for maximum amount of heat transfer due to phase change. On one hand
we have hydrophilic contact angles, which allow for quick bubble detachments and
large contact of the liquid water with the wall, leading to high amount of conductive
heat transfer due to the high heat conductivity of the liquid phase. On the other
hand we have hydrophobic contact angles which allows for slow bubble departures
with potentially large amounts of heat transfer due to absorption of latent heat.
The arguments for nucleation site densities are similar, with the trade-o� between
conductive and phase change heat transfer to be considered. Here the possibly of
observing resonance between bubbles also exists. Regarding the superheat temper-
ature, an increase of it will increase the heat �ux until the critical heat �ux and
initiation of �lm boiling.

1.2 Project objective

The aim of this project is two-folded. The �rst goal is to further continue develop-
ment of an in-house numerical code for studying phase change and learn more about
the complications of applying Computational Fluid Dynamics (CFD) skills in mod-
elling complex multiphase �ow systems. Next, we aim at analysing the behaviour of
water vapour bubbles in quiescent liquid water at saturation temperature, departing
from a superheated wall. The analysis will be done by performing numerical simula-
tions using a four equation di�use interface model with phase change. In particular
the heat �ux will be studied and a maximum is tried to be found.
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2
Mathematical model

This thesis project, as mentioned in the introduction, investigates nucleate boiling by
numerical simulations using a four equation DI model with phase change. Firstly in
this chapter, in Section 2.1 the governing equations of the model will be introduced
without phase change. In Section 2.2 the equation of state will be introduced and
in Section 2.3 the details about the phase change are to be unveiled. Thereafter in
2.4 the method for interface regularisation is discussed and �nally the method for
handling the contact line is disclosed in 2.5.

2.1 Governing equations

As introduced in the previous chapter, the description of the two phase �ow used in
this thesis project is a di�use interface model based on the original seven equation
Baer-Nunziato model [23], but with relaxation of velocity, pressure and tempera-
ture. This four-equation model where the �ow is in thermal, mechanical and kinetic
equilibrium, was originally introduced by Abgrall [24]. For solving this system of
equations, a pressure-based algorithm presented by Demouet al. [22] and improved
by Shahmardi [4] is used. This model is an augmented four-equation model solving
for �ve variables, i.e. the masses of both phases are explicitly solved for. Since
kinetic, mechanical and thermodynamic equilibrium are imposed, the velocityui ,
the temperatureT, and the pressurep are the same for the two phases where they
coexist. In this chapter the governing equations are presented in their original form
without phase change. For details about the phase change see section 2.3. The
governing equations reads as follows [12]:

@m1

@t
+

@
@xi

(m1ui ) = 0 ; (2.1a)

@m2

@t
+

@
@xi

(m2ui ) = 0 ; (2.1b)

@T
@t

+
@

@xi
(Tui ) +

�
S(1)

T � T
� @uj

@xj
= S(2)

T (DE + K ); (2.1c)

@ui
@t

+
@

@xj
(ui uj ) � ui

@uj
@xj

=
1
�

(Du i + � i + Gi ); (2.1d)

@p
@t

+ ui
@p
@xi

+ �c 2 @ui
@xi

= S(1)
p (DE + K ); (2.1e)
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2. Mathematical model

here mk = � k � k is the mass per unit volume of phasek, where k = 1; 2, � k the
volume fraction, � k the phase density,t is time and x i are space coordinates.

The temperature and pressure source termsST and Sp are:

S(1)
T =

�c 2T
Cp1 + Cp2

 
Cp1� 1

� 1c2
1

+
Cp2� 2

� 2c2
2

!

;

S(2)
T = �

1
D

(�� )T ;

S(1)
p =

1
D

(�� )T ;

(2.2)

where we have the mixture density� = � 1� 1 + � 2� 2, speed of sound of the mixture
c, extensive heat capacity at constant pressure for phasek, Cpk, and the Grüneisen
coe�cient � k =

�
@pk
@Ek

�

� k
. Here Ek is the internal energy per unit volume for each

phase. The mixture speed of sound is de�ned as:

1
c2

= �

 
� 1

� 1c2
1

+
� 2

� 2c2
2

!

+
�TC p1Cp2

Cp1 + Cp2

 
� 2

� 2c2
2

�
� 1

� 1c2
1

! 2

: (2.3)

Further we have:

D =

 
� 1c2

1

� 1
�

� 2c2
2

� 2

!

(�� )T +
� � 1

� 1
+

� 2

� 2

�

(�� )T ;

(�� )T = � 1� 1� 2 + � 2� 2� 1;

(�� )T = � 1� 1� 2 + � 2� 2� 1;

(�� )T = � 1� 2(� 1� 2 � � 2� 1);

(2.4)

where

� k =

 
@�k
@Tk

!

pk

= � � k
� kCpk

c2
k � k � k

(2.5)

and

� k =

 
@�k
@pk

!

Tk

=
1
c2

k
+

� 2
kCpkT

c4
k � k � k

: (2.6)

We furthermore have the divergence of the viscous stress tensorDu i and viscous
dissipation DE:

Du i =
@

@xj
� ij ;

DE =
@

@xi
uj � ij ;

� ij = �

 
@ui
@xj

+
@uj
@xi

�
2
3

@
@xk

uk � ij

!

;

(2.7)

where � ij is the viscous stress tensor,� is the dynamic viscosity and� ij is the
Kronecker delta. Note that we have assumed a Newtonian constitutive relation for
the viscous stress tensor.
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2. Mathematical model

K = @
@xi

(� ) @T
@xi

is the heat conduction given by Fourier's law, where� is the coe�cient
of heat conduction, andGi = �g i is the gravitational force per unit volume wheregi

is the gravitational acceleration.

Finally we have the surface tension force per unit volume [25]:

� i = �
@

@xj

0

@
@�1
@xjq

( @�1
@xk

@�1
@xk

)

1

A @�1
@xi

; (2.8)

where� is the coe�cient of surface tension.

2.2 Equation of state

For closure of the system of equations presented in the previous chapter an equation
of state (EOS) for each phase is needed. The EOS for the mixture is determined from
the individual equation of states by the mixture density relation� = � 1� 1 + � 2� 2,
mixture internal energy relation per unit volume E = � 1E1 + � 2E2, temperature
equilibrium condition T1 = T2 = T and pressure equilibrium conditionp1 = p2 = p.
In this project the Noble-Able sti�ened-gas (NASG) EOS has been used [26]. The
temperature and pressure are in this model expressed as [22]:

Tk(pk ; � k) =
(1 � � kbk)(pk + p1 k)

� vk � k(
 k � 1)
; (2.9a)

pk(Ek ; � k) =

 k � 1

1 � � kbk
(Ek � � k � k) � 
 kp1 k ; (2.9b)

where bk , p1 k , 
 k , � k , are phasic parameters of the EOS and� vk is the phasic
speci�c heat capacity at constant volume. Note that the extensive heat capacity
is Cpk = � k � k � pk where � pk = � vk 
 k . Equation 2.9a is used to obtain the phasic
densities� k by �rst using 2.1c and 2.1e to solve forp and T and then relaxing the
pressure,pk = p, and temperatureTk = T. With the above expressions, the phasic
Grüneisen coe�cient � k , speed of soundck , Gibbs energygk , speci�c enthalpy hk

and speci�c entropy sk become:

� k(� k) =

 k � 1

1 � � kbk
; (2.10a)

ck(p; � k) =

s


 k
p + p1 k

� k(1 � � kbk)
; (2.10b)

gk(p; � k) = ( 
 k � vk � ~� k)T � � vkT log

 
T 
 k

(p + p1 k)
 k � 1

!

+ � k + bkp; (2.10c)

hk(p; T) = � pkT + bkp + � k ; (2.10d)

sk(p; T) = � vk log

 
T 
 k

(p + p1 k)
 k � 1

!

+ ~� k ; (2.10e)

where ~� k is an entropy constant.
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2. Mathematical model

The equation of state for each phase is used to obtain the pressure-temperature
saturation curve for the �uid by using that Gibbs free energy is in equilibrium along
the curve, settingg1 = g2. After inserting the expressions above and rewriting, the
�nal expression for the curve is given by:

As =
Bs

T
+ Cs logT + Ds log(p + p1 1) � log(p + p1 2) +

pEs

T
= 0; (2.11)

where,

As =
� p1 � � p2 � ~� 1 + ~� 2

� p2 � � v2
; Bs =

� 1 � � 2

� p2 � � v2
; Cs =

� p1 � � v1

� p2 � � v2
;

Ds =
� p1 � � v1

� p2 � � v2
and Es =

b1 � b2

� p2 � � v2
:

(2.12)

This curve is used for determining the saturation temperature and pressure for all
positions in the domain, controlling the phase change that will be discussed in detail
in the next chapter.

2.3 Phase change

In the previous section, it was discussed how equation 2.1 was closed using the
NASG equation of state. From it the pressure-temperature saturation curve was
obtained to calculate the saturation temperature for the given pressure. Using this
saturation temperature, the phase change can be modelled. This is done through
modifying equation 2.1, by adding mass transfer terms to the right hand side of the
mass, temperature and pressure transportation equations [12]:

M = � (g2 � g1) (2.13)

where� represents the chemical relaxation parameter andg is the Gibbs free energy
[22]. With the mass transfer, the full system of equations solved reads as follows:

@m1

@t
+

@
@xi

(m1ui ) = M ;

@m2

@t
+

@
@xi

(m2ui ) = �M ;

@T
@t

+
@

@xi
(Tui ) +

�
S(1)

T � T
� @uj

@xj
= S(2)

T (DE + K ) + S(3)
T M ;

@ui
@t

+
@

@xj
(ui uj ) � ui

@uj
@xj

=
1
�

(Du i + � i + Gi );

@p
@t

+ ui
@p
@xi

+ �c 2 @ui
@xi

= S(1)
p (DE + K ) + S(2)

p M ;

(2.14)
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where the new quantitiesS(3)
T and S(2)

p are de�ned as:

S(3)
T =

1
D

" � � 2

� 2
�

� 1

� 1

�

(�� )T +

 
� 1c2

1

� 1
�

� 2c2
2

� 2

!

� v +
� � 1

� 1
+

� 2

� 2

�

� �

#

;

S(2)
p =

1
D

" � � 1

� 1
�

� 2

� 2

�

(�� )T +

 
� 2c2

2

� 2
�

� 1c2
1

� 1

!

� v

#

;
(2.15)

where

� � = � 2 � � 1;

� v = � 1� 1 + � 2� 2;

� v = � 1� 1 + � 2� 2;

� k = c2
k � � khk :

(2.16)

2.4 Interface regularisation

Di�use interface methods su�ers under a well known drawback: the interface spreads
over many computational cells. A remedy to this is the usage of anti-di�usion
techniques. The model used in this projects follows the approach of Jain [27] and
introduces interface regularisation in the mass transport equations. With the regu-
larisation included, these equations are written as:

@m1

@t
+

@
@xi

(m1ui ) = M +
@

@xi
Ri (� 1; � 1); (2.17a)

@m2

@t
+

@
@xi

(m2ui ) = �M +
@

@xi
Ri (� 2; � 2); (2.17b)

whereRi (� 1; � 1) is anAccurate Conservative Di�use Interface(ACDI) regularisation
term and is expressed as:

Ri (� 1; � 1) = � r "� 1
@�1
@xi

�
� r � 1

4

 

1 � tanh2(
 
2"

)

!

ni ; (2.18)

where " is the interface thickness,� r is the regularisation velocity scale parameter
and

 = " ln
� � 1 + �

1 � � 1 + �

�

(2.19)

is a level-set function where� = 2 � 10� 16 is a small tolerance and

ni =
@ 
@xir
@ 
@xj

@ 
@xj

(2.20)
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is the interface normal vector. Boundedness of the indicator function,0 < � 1 < 1 is
ensured with proper values of" and � r , and are chosen accordingly to Jain [27]:

� r > jui jmax

" > 0:5� x;
(2.21)

wherejui jmax is the maximum magnitude of the velocity �eld and� x is the size of
the grid.

2.5 Contact line treatment

Another important physical phenomenon to model is the contact line where the
interface between the two phases meets the wall. This is in this project done by
enforcing a static contact-angle� w boundary condition on the wall normal gradient
of the phasic massesmk . This boundary condition is derived by Shahmardi [4] from
the Cahn-Hilliard framework's conventional static contact angle boundary conditions
[28]:

@�1
@xi

ni =
f

0

"
(� 1) cos(� w); (2.22)

wheref (� 1) = 3 � 2
1 � 2� 3

1 is a kernel function that varies smoothly between 0 and 1
within the interface. Using � 1 = m1=� 1 we write the left hand side of 2.22 as:

@�1
@x1

ni =
1
� 1

@m1

@xi
ni �

m1

� 2
1

@�1
@xi

ni : (2.23)

Inserting this left hand side and rearranging the terms yields the �nal boundary
condition that is used in the model:

@m1

@xi
ni = � 1

f
0

"
(� 1) cos(� w) +

m1

� 1

@�1
@xi

ni : (2.24)

Since the original Cahn-Hilliard formulation is a fourth order equation an additional
boundary condition is imposed at the wall to ensure mass conservation. The model
used in this project is a second order equation and therefore another constraint is
needed to ensure that the total mass of the system is conserved. This is done by
employing Lagrange multipliersL w;k to the right-hand-side of the mass transport
equations [29]. E.g. the transport equation form1 becomes:

@m1

@t
+

@
@xi

(m1ui ) = M +
@

@xi
Ri (� 1; � 1) + L w;1: (2.25)

We assumeL w;k = qk(t)W(� k ; � k) where qk is a function constant in space and
W = � k f

0
(� 1) is a kernel function. To calculateq(t) we integrate the mass transport

equations over the domain and enforce the total mass of the two phases to be
conserved, yielding the following expression:
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qk(t) = �
1

R

 6� k � k(1 � � k)d


Z




@
@xi

Ri (� 1; � 1)d
 : (2.26)

Combining the four-equation model, mass transfer, contact line and regularisation
gives the �nal set of governing equations solved in the project:

@m1

@t
+

@
@xi

(m1ui ) = M +
@

@xi
Ri (� 1; � 1) + L w;1; (2.27a)

@m2

@t
+

@
@xi

(m2ui ) = �M +
@

@xi
Ri (� 2; � 2) + L w;2; (2.27b)

@T
@t

+
@

@xi
(Tui ) +

�
S(1)

T � T
� @uj

@xj
= S(2)

T (DE + K ) + S(3)
T M ; (2.27c)

@ui
@t

+
@

@xj
(ui uj ) � ui

@uj
@xj

=
1
�

(Du i + � i + Gi ) ; (2.27d)

@p
@t

+ ui
@p
@xi

+ �c 2 @ui
@xi

= S(1)
p (DE + K ) + S(2)

p M : (2.27e)
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3
Numerical methods

In this section the details about the numerical solution of the governing equations
2.27 will be presented. The algorithm operates in the following way, and the chapter
will be organised in similar fashion. First the system of equations in 2.27 consisting
of the mass transport, momentum , energy and pressure is solved, but without the
terms containing M . Next, to include the role of phase change, the source term
M in equations 2.27a, 2.27b, 2.27c and 2.27e is integrated in time. Therefore �rst
the spatial discretisation and time integration without mass transfer will discussed
in Section 3.1. Thereafter the numerics of the phase transition will be explained in
Section 3.2 and lastly in Section 3.3 the conditions for the variable time step will be
stated.

3.1 Solution method without mass transfer

In the present study, we borrow the idea of Demouet al. [22] and employ a pressure
based algorithm to solve the governing equations presented in the previous chapter.
In this section the numerical steps will be shown that are done without incorporating
the phase change. In each time step this algorithm is run before being corrected by
the mass transfer term presented in the next chapter.

3.1.1 Spatial and temporal discretisation

The governing equations 2.27 are spatially discretised on a uniform Cartesian grid
with the cell lengths being� x = lx=Nx , � y = ly=Ny and � z = lz=Nz, where the
domain lengths arelx , ly, and lz and the number of cells areNx , Ny and Nz. To avoid
pressure-velocity oscillations a staggered grid is used where the velocity vectors are
de�ned on the cell faces and all scalar �elds de�ned at the cell centres. For the
spatial discretisation a second-order �nite di�erence scheme is used.

Time integration is performed using the explicit third order Runga-Kutta (RK3)
method. The RK3 method works by splitting each time stepn into three sub-
stepsm = 1; 2; 3 and any quantity a at the beginning and end of each time-step is
represented using the following the notation [22]:

an;m =1 = an and an;m =4 = an+1 : (3.1)
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3.1.2 Partial densities

Firstly partial densities of the new sub-stepmn;m +1
k are solved for by using the

mass transport equations 2.27a and 2.27b, without the mass transfer termsM .
Accordingly to the RK3 method the updatedmn;m +1

k is given by:

mn;m +1
k = mn;m

k + � t

"

~� m

 

�
@

@xi
(mkui )

! n;m

+

~� m

 

�
@

@xi
(mkui )

! n;m � 1

+

~
 m

 
@

@xi
Ri (� k ; � k) + L w;k

! #

;

(3.2)

where � t is the time step, ~� m = f 8=15; 5=12; 3=4g, ~� m = f 0; � 17=60; � 5=12g and
~
 m = ~� m + ~� m are RK3 coe�cients. The advection terms, regularisation and La-
grange multiplier are discretised with central di�erences.

3.1.3 Temperature, physical properties and curvature

Secondly the temperature �eld is advanced in time similar to the partial densities.
The temperature equation 2.27c, withoutM , is solved to obtain the next sub-step
of Tn;m +1 [22]:

Tn;m +1 = Tn;m + � t

"

~� m

 

�
@

@xi
(Tui ) �

�
S(1

T � T
� @ui

@xi

! n;m

+

~� m

 

�
@

@xi
(Tui ) �

�
S(1

T � T
� @ui

@xi

! n;m � 1

+

~
 m
�
S(2

T (DE + K )
� n;m

#

:

(3.3)

A van Leer �ux limiter is used to discretise the advection terms while the viscous
dissipation and heat conduction terms are discretised with central di�erences.

Thereafter the �elds of of viscosity and thermal conductivity are updated as:

� n;m +1 = � n;m +1
1 � 1 + � n;m +1

2 � 2 and � n;m +1 = � n;m +1
1 � 1 + � n;m +1

2 � 2 (3.4)

where� 2 = 1 � � 1 and � 1; � 2; � 1; � 2 are constant [22].

3.1.4 Fractional Step

In addition to the staggered grid a fractional-step approach is adopted to decouple
pressure and velocity [30] [22]. That means that we �rstly calculate a predicted
velocity �eld un;m �

i by solving the momentum equation Eq. (2.27d), omitting the
pressure gradient term.
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3.1.4.1 Predicted velocity

The predicted velocityun;m �
i is expressed as:

un;m �
i = un;m

i + � t

"

~� m

 

�
@

@xj
(ui uj ) + ui

@uj
@xj

+
Du i

�

! n;m

+

~� m

 

�
@

@xj
(ui uj ) + ui

@uj
@xj

+
Du i

�

! n;m � 1

+

~
 m

 
� i + Gi

�

! n;m #

:

(3.5)

All terms are discretised in the same manners as before.

3.1.4.2 Correction

The corrected updated velocity �eld un;m +1
i can be calculated once the updated

pressure �eld pn;m +1 is obtained and is given by the following expression:

un;m +1
i = un;m �

i � ~
 m � t
@pn;m +1

@xi
=� n;m (3.6)

.

3.1.4.3 Pressure solution

Thereafter the time discretisation of the pressure equation Eq. (2.27e), withoutM ,
is written as:

pn;m +1 = pn;m + � t

"

~� m

 

�
@

@xi
(pui ) + p

@ui
@xi

! n;m

+

~� m

 

�
@

@xi
(pui ) + p

@ui
@xi

! n;m � 1

+

~
 m

8
<

:

�
S(1

p (DE + K )
� n;m

� (�c 2)n;m

 
@ui
@xi

! n;m +1
9
=

;

#

;

(3.7)

with the discretisation performed as above. Now the last velocity divergence term
is replaced by the divergence of Eq. (3.6):

 
@ui
@xi

! n;m +1

=

 
@ui
@xi

! n;m �

� ~
 m � t
@

@xi

 
@pn;m +1

@xi
=� n;m

!

: (3.8)
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Inserting Eq. (3.8) in Eq. (3.7) gives:

pn;m +1 � ((~
 m )2� t2�c 2)n;m

 
@ui
@xi

! n;m +1

=

pn;m + � t

"

~� m

 

�
@

@xi
(pui ) + p

@ui
@xi

! n;m

+

~� m

 

�
@

@xi
(pui ) + p

@ui
@xi

! n;m � 1

+

~
 m

(
�
S(1

p (DE + K )
� n;m

� (�c 2)n;m

 
@ui
@xi

! n;m � ) #

;

(3.9)

which is a Helmholtz equation. This Helmholtz equation is solved using the HYPRE
library [31].

3.2 Phase transition

An operator splitting technique is used to implement the phase change termM . As
explained in the previous chapter the governing equations are �rst solved without
M to get mn;m +1

k , Tn;m +1 and pn;m +1 which actually are intermediate values. We
here denotemn;m +1+ y

k , Tn;m +1+ y and pn;m +1+ y as the actual value at the next time
step. At the end of each stage the independent variables are updated using the
strategy proposed by Pelanti [32]:

mn;m +1+ y
1 = mn;m +1

1 +
gn;m +1

2 � gn;m +1
1

K g
(1 � exp(� �K g� t)) ; (3.10a)

pn;m +1+ y = pn;m +1 + S(2)
p

gn;m +1
2 � gn;m +1

1

K g
(1 � exp(� �K g� t)) ; (3.10b)

Tn;m +1+ y = Tn;m +1 + S(3)
T

gn;m +1
2 � gn;m +1

1

K g
(1 � exp(� �K g� t)) ; (3.10c)

where K g = 1=� n;m +1
1 + 1=� n;m +1

2 and 1=� n;m +1
k = ( � 1)k� 1S(2)

p =� k � skS(3)
T for k =

1; 2. To enforce exact global mass conservation we updatemn;m +1+ y
2 = � n;m +1+ y �

mn;m +1+ y
1 which works since� is invariant during each mass transfer time step. In

this project we set the chemical relaxation parameter� = 1 , i.e. we have instaneous
mass transfer.

3.3 Time step

Compared to implicit time integration schemes, explicit schemes demand smaller
time steps to stay stable. To only use as small time step as necessary a variable
time step restriction is implemented. This is done accordingly to [22] and [33]:

� t = C� t min(� tc; � t � ; � t � ; � t � ); (3.11)
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where C� t is the Courant number and� tc; � t � ; � t � ; � t � are the upper limits of
the time step with regards to convection, surface tension, momentum and thermal
energy di�usion. These maximum time steps are given by the following expressions:

� tc =

 
jux;max j

� x
+

juy;max j
� y

+
juz;max j

� z

! � 1

;

� t � =

s
(� 1;min + � 2;min ) min(� x3; � y3; � z3)

4��
;

� t � =

"

max

 
� 1

� 1;min
;

� 2

� 2;min

!  
2

� x2
+

2
� y2

+
2

� z2

!# � 1

� t � =

"

max

 
� 1

� 1;min Cp;1
;

� 2

� 2;min Cp;2

!  
2

� x2
+

2
� y2

+
2

� z2

!# � 1

;

(3.12)

where we have the estimation of the velocity component with the largest absolute
value jui;max j and the minimum value of the density of phasek in the domain � k .
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4

Results and discussion

In the previous chapters a mathematical model for describing two-phase �ows was
presented. This model combined mass transfer due to phase change with wettability
e�ects on the contact angle. Then the numerical methods for discretising and solving
the equations in time and space was presented. This section will present the results
of solving this model for a range of di�erent cases. We consider the boiling of a
rising bubble as a benchmark. In Section 4.1 the simulation setup of the benchmark
case will be presented. In the present study, we focus on the role of di�erent super-
heat temperature, di�erent surface chemistry (wettability), and di�erent number of
nucleation sites on the dynamics of a boiling rising bubble. To better understand
the e�ects of the above mentioned properties, we keep all the setup parameters as
the ones of the benchmark case and change only one at the time. In particular, in
Section 4.2, we scrutinise the role of wall superheat temperatures, in Section 4.3 we
investigate the e�ect of the wettability and �nally Section 4.4 addresses the e�ects
of the number of nucleation sites per unit length. The results of each section are
compared both qualitatively (by reporting the system visualisations) and qualita-
tively (via comparing the non-dimensional heat �ux) . The chapter is summarised
by a heat map of the average Nusselt number for all the setups in Section 4.5 and
�nished by a discussion about the results and method in Section 4.6.

4.1 Setup

As presented in Section 2.2, the NASG equations of state are used in this project.
The corresponding thermodynamic properties of a liquid water and steam system is
presented in the following table:
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Coe�cients Liquid Phase Vapour Phase
� p(J=kg=K) 4285 1401
� v(J=kg=K) 3610 955


 1.19 1.47
p1 (Pa) 7028� 105 0

b(m3=kg) 6:61� 10� 4 0
� -1177788 2077616
~� 0 14317

Table 4.1: Thermo-physical properties of the system.

These values are valid for water vapour and liquid water in the temperature range
of [300� 500 K] and all the simulations in this project are within this temperature
range. The initial setup is shown in the following Figure 4.1, where the dark area
shows the initial steam bubble and the remainder of the domain is liquid water.
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T = Tsat , @ui
@y = 0, p = patm

T = Tsat + � T, ui = @p
@y= 0

Figure 4.1: Initial state of the benchmark case. Volume fraction of steam is
visualised with dark area indicating vapour and bright area liquid water. Initial
diameter d0 is shown as well as the coordinate axesx and y. The arrows lx and
ly indicate the domain lengths. Boundary conditions for temperatureT, velocity
componentsui and pressurep are speci�ed at respective boundary.

The two dimensional domain size is set tolx � ly = 7d0 � 3:5d0 = 0:07 m� 0:035 m,
whered0 = 0:01 m is the initial bubble diameter. Further the domain is discretised
with Nx � Ny = 128 � 64 grid points. Initial pressure in the entire domain is
set uniformly to atmospheric pressure,p0 = patm = 101325 Pa. Both phases are
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initialised at saturation temperature, determined from the equation of state, i.e,
T0 = 372:585 K. The �uid is initialised at rest and gravitational acceleration is
set to g = � 9:81 m=s2 in y-direction. In this chapter we denote the vapour phase
as k = 1 and the liquid phase ask = 2. Viscosities are set to the following:
� 1 = 0:001 Pa� s, � 2 = 0:01 Pa� s and thermal conductivity coe�cients to � 1 =
0:0249 W=(m � K) , � 2 = 0:60 W=(m � K) . At any state of the system (given the
pressure and temperature) the value of the density of each phase is obtained via
the EOS, where the initial values being� 1;0 = 0:7574 kg=m3 and � 2;0 = 1054 kg=m3.
Surface tension is set to� = 0:07 N=m. The regularisation velocity scale is set to
� r = 5jui jmax and interface thickness" = 0:51� x.

All simulations are performed in a two dimensional setup and periodic boundary
conditions are enforced in the x-direction. The lower boundary is set to represent
a wall with homogeneous Dirichlet conditions for all the velocity componentsui .
Dirichlet boundary conditions also apply for the temperatureTy=0 = T0 + � T, with
� T being the superheat temperature. To enforce the contact angle the boundary
condition from Eq. 2.24 is enforced for the phasic masses. For pressurep, level-
set function 	 , interface normal vectorni and density � , homogeneous Neumann
boundary conditions apply. An out�ow boundary condition is imposed on the upper
boundary of the simulation domain by imposing Neuman boundary condition for
velocity components together with Dirichlet boundary condition for the pressure
and the temperature; i.e. py= ly = patm and Ty= ly = 372:585 K. We further impose
Neumann boundary conditions for the level-set function and interface normal vector.

We introduce the reference lengthl r = d0 and the reference velocity to beur =q
jgjl r . The physical dimensionless parameters that governs the overall dynamics of

the system can now be de�ned as:

Re =
� 1ur d0

� 1
= 330; (4.1a)

We =
� 1u2

r d0

�
= 14:8; (4.1b)

F r =
u2

r

jgjd0
= 1; (4.1c)

Eo =
(� 2 � � 1)gd2

0

�
= 14:8; (4.1d)

� � =
� 2

� 1
= 1391; (4.1e)

� � =
� 2

� 1
= 10; (4.1f)

� � =
� 2

� 1
= 24; (4.1g)

Ja =
� 2

� 1

� p;2� T
� hlv

: (4.1h)
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HereRe is the Reynolds number which is a measure of the ratio between inertial and
viscous forces,We the Weber number, measure of inertial to surface tension forces,
F r the Froude number, representing the relative importance of inertial to gravity
e�ects and Eo the Eötvös number stating the balance between gravitational and
surface tension forces. Moreover,� � , � � and � � represent the density, viscosity and
heat conductivity ratios, respectively. FinallyJa is the Jakob number and de�ned as
the ration between sensible heat and absorbed latent heat during the phase change.
The heat �ux q at the lower wall is calculated as:

q = � �
@T
@y

(4.2)

where� is the mixture heat conductivity. A quantitative measure of the e�ectiveness
of boiling is the heat transfer coe�cient (HTC) h, de�ned as the ratio of heat �ux
of the surface to the superheat temperature:

h =
q

� T
: (4.3)

In our analyses, we report the value of the non dimensional Nusselt number, which
is de�ned as:

Nu =
hly
� 2

(4.4)

and represents the ratio of convective to conductive heat transfer at the boundary.
Finally for presenting the results we utilise the dimensionless timet � = t=t f f , where
t is the physical time andt f f =

q
ly=jgj is the free-fall time.

4.2 E�ect of superheat temperature

To probe the in�uence of wall superheat temperature on the rise and formation of
bubbles six simulations were performed with with superheat temperatures� T =
[2:5 K; 5 K; 7:5 K; 10 K; 12:5 K; 15 K]. This corresponds to Jakob numbers
Ja = [6:8; 13:7; 20:5; 27:3; 34:2; 41:0]. The equilibrium contact angle was set to� w =
120° and the bubble was initialised at(xc0; yc0) = (3 :5d0; 0) where xc0; yc0 are the
centre coordinates of the circular bubble, meaning that our bubble is semi circular
due to it being initialised at the bottom wall. In Figure 4.2 the vapour volume
fraction can be seen for three di�erent times,t � = [0:67; 1:34; 2:0], where the results
are only shown for superheat temperatures� T = [5 K ; 10 K; 15 K] for clarity.
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(a) t � = 0:67, � T = 5 K . (b) t � = 0:67, � T = 10 K . (c) t � = 0:67, � T = 15 K .

(d) t � = 1:34, � T = 5 K . (e) t � = 1:34, � T = 10 K . (f) t � = 1:34, � T = 15 K .

(g) t � = 2:0, � T = 5 K . (h) t � = 2:0, � T = 10 K . (i) t � = 2:0, � T = 15 K .

Figure 4.2: Volume fraction of the rising boiling bubble for� w = 120° at times
t � = 0:67� 1:34� 2:0. Sub�gures (a) � (d) � (g) report the results for � T = 5 K ,
(b) � (e) � (h) the results for � T = 10 K and (c) � (f ) � (i ) for � = 15 K .

Figure 4.2 reports the visualisation of the system at three di�erent time instances
for each contact angle. Comparing the left, middle, and right panel of Figure 4.2 we
observe that as the superheat temperature increases the bubble departs faster. We
associate this with buoyancy e�ects: the larger the super heat, the larger the heat
transfer, thus the higher the temperature close to the wall. Thus, as the temperature
increases, the gas density decreases further and consequently the rising velocity
increases. Moreover, irrespective of the imposed wall superheat temperature, due to
hydrophobic property of the wall, the bubble grows on the wall by forming a obtuse
contact angle (� w > 90°). Finally, there is always some amount of gas left on the
solid wall which acts as a potential nucleus for formation and growth of the next
bubble.

The heat �ux at the wall as a function of time for the di�erent superheat tempera-
tures can be seen in Figure 4.3. Nusselt numberNu and dimensionless timet � are
calculated as explained in Section 4.1. Black dashed line represents� T = 15 K ,
green solid line� T = 10 K and dash-dotted blue line� T = 5 K .

25



4. Results and discussion

Figure 4.3: Nusselt numberNu = qly=(� 2� T) as function of dimensionless time
t � = t=

q
ly=jgj with superheat temperature� T as variable parameter. The symbols

mark the time steps for the visualisations in 4.2.

Figure 4.3 illustrates the evolution of Nu for the three selected superheat temper-
ature. For each superheat, the time instances corresponding the visualisations in
Figure 4.2 are marked with symbols. As the �rst observation, regardless to the im-
posed superheat temperature, the heat�ux �rst increases and then decreases. This
observation is understood considering the contraction of the bubble as it detaches,
thus increasing the liquid-wall contact until a maximum is reached at the departure.
Therefore the remaining gas spreads on the surface, having an insulating e�ect,
where the heat transfer decreases dramatically.

In addition, Figure 4.3 suggests that the Nusselt number decreases as the superheat
temperature increases. Since the di�erence in Nusselt number is seen already at
initiation and remains approximately constant, this could indicate that the heat
transfer due to phase change is constant. That would explain the decrease in Nusselt
number since the heat conduction fraction of total heat transfer increases as wall
temperature increases. Secondly, we can clearly observe the cyclic behaviour of
bubble formation. As it was shown in �gure 4.2, due to hydrophobic characteristic
of the surface, the bubble departs the surface leaving some residual behind which
act as the nucleus of the next bubble which grows again and the cycle continues.
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Finally, comparing the distance between the two consecutive peaks in each plot
(corresponding to a required time for the bubble to complete each cycle) we observe
that as the superheat temperature increases, the cycle becomes shorter. This con-
�rms our previous discussion on �gure 4.2: the larger the superheat, the faster the
bubble departs. To further investigate the role of superheat on the departure time,
we report the variation of the cycle period with superheat in Figure 4.4.

Figure 4.4: Departure cycle period time� t � as function of wall superheat tem-
perature for � .

4.3 E�ect of wettability

Another set of simulations were performed with a constant superheat temperature
� T = 15 K and with varying static contact angle � w = [45°; 60°; 90°; 120°; 135°].
This corresponds to Jakob numberJa = 41 and the bubble was again initialised at
(xc0; yc0) = (3 :5d0; 0). In Figure 4.5 the vapour volume fraction can be seen for four
di�erent times, t � = [0:39; 0:74; 0:92; 1:34], for the respective contact angle.
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(a) t � = 0:39, � w = 60°. (b) t � = 0:39, � w = 90°. (c) t � = 0:39, � w = 120°.

(d) t � = 0:74, � w = 60°. (e) t � = 0:74, � w = 90°. (f) t � = 0:74, � w = 120°.

(g) t � = 0:92, � w = 60°. (h) t � = 0:92, � w = 90°. (i) t � = 0:92, � w = 120°.

(j) t � = 1:34, � w = 60°. (k) t � = 1:34, � w = 90°. (l) t � = 1:34, � w = 120°.

Figure 4.5: Volume fraction of the rising boiling bubble for� T = 15 K at times
t � = 0:39� 0:74� 0:92� 1:34. Sub�gures (a) � (d) � (g) � (j ) report the results for
� w = 60°, (b) � (e) � (h) � (k) the results for � w = 90° and (c) � (f ) � (i ) � (l ) for
� w = 120°.

According to Figure 4.5, the wall chemistry has a dominant role on the overall
dynamic of the system. In particular, comparing di�erent columns of Figure 4.5,
we conclude that for a hydrophilic wall the bubble departs relatively fast without
leaving any residual behind, whereas the bubble departs the hydrophobic wall later,
leaving some residual gas phase on the wall. This can be understood by considering
the interfacial forces at the wall. A neutral wall shows a similar behaviour as the
hydrophilic wall, albeit at a slower rate.

In Figure 4.6 the time evolution of the Nusselt number can be seen for the di�erent
values of contact angle. Black dashed line represents� w = 120°, green solid line
� w = 90° and dash-dotted blue line� w = 60°.
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Figure 4.6: Nusselt numberNu = qly=(� 2� T) as function of dimensionless time
t � = t=

q
ly=jgj with static contact angle � w as variable parameter.

It can be noticed that due to the same initial conditions, the Nusselt number is the
same for all angels att = 0. Remember that the bubble was initialised as a perfect
semicircle, with an initial contact angle between bubble and wall being90°, the
imposed contact angle taking some time to actually being enforced due to inertia.
After the initiation the e�ect of the contact angle and the subsequent spreading
is seen with the heat �ux being the lowest for hydrophobic angle� w = 120° (black
line) and highest for hydrophilic� w = 60° (blue line), due to the wall having a larger
contact area with the highly conducting liquid water for the hydrophilic case leading
to higher heat �ux. For both � w = 60° and � w = 90° (green line) the heat �ux is
seen to rapidly increase up to a maximum, for thereafter decreasing linearly. This
can be explained by the total detachment of the bubble, with the �uid next to the
wall thereafter slowly heating up leading to lower heat �ux. The general trend is
similar for � w = 120° but the maximum heat �ux is lower and reached later due to
the slower detachment and the vapour left on the wall. Interesting to note is that
the Nusselt number is higher for� w = 60° and � w = 90° compared to � w = 120°
even after the complete detachment of the bubbles. This shows that the heat �ux
for the wall only in contact with liquid water, without phase change, is higher than
the combination of phase change with gas-wall contact.
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