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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 6,,, wall superheat temperature AT and number
of nucleation sites Ny, 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 AT = 25K, 6, = 45° and Ny, = 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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Nomenclature

Below is the nomenclature of indices, symbols and non-dimensional numbers that

have been used throughout this thesis.

Indices

3 3 PTA ~.

*

Indices for spatial components of vector quantities

Indices for phasic quantities

Time step

Sub time step

Index for fractional step prediction

Index for value after phase transition

Volume fraction

RK3 coefficients

Phasic parameter of the EOS
RK3 coefficients

Regularisation velocity scale parameter
Griineisen coefficient

Phasic parameter of the EOS
RK3 coefficients

Extensive phasic heat capacity
Courant number

Mixture speed of sound
Divergence of viscous dissipation

Divergence of viscous stress tensor
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Initial bubble diameter

Small tolerance

Interface thickness

Mixture internal energy per unit volume
Internal energy per unit volume
Phasic heat bond

Entropy constant

Kernel function

Gravitiational force per unit volume
Gravitiational acceleration

Gibbs free energy

Heat transfer coefficient

Specific enthalpy

Static contact-angle

Heat conduction coefficient

Specific heat capacity at constant pressure
Specific heat capacity at constant volume
Heat conduction

Lagrange multiplier

Domain size in x-direction

Domain size in y-direction

Dynamic viscosity

Mass transfer term
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Chemical relaxation parameter
Number of nucleation sites
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Number of grid points in y-direction
Interface normal vector

Pressure

Phasic parameter of the EOS

Heat flux

Mixture density

Phasic density



Surface tension force per unit volume
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Pressure source term
Temperature source term
Specific entropy

Viscous stress tensor
Temperature

Superheat temperature
Time

Velocity

Space coordinates

Level-set function

Non-dimensional numbers

Eotvos number
Froude number

Jakob number

Heat conductvity ratio
Viscosity ratio
Density ratio

Nusselt number
Reynolds number
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xiii



Xiv



Contents

List of Acronyms ix
Nomenclature xi
List of Figures xvii
List of Tables Xix
1 Introduction 1
1.1 Background . . . . . ... ... 1
1.2 Project objective . . . . ... Lo 6

2 Mathematical model 7
2.1 Governing equations . . . . . . .. ..o 7
2.2 Equationof state . . . . . . . ... 9
2.3 Phasechange . . . .. . ... ... 10
2.4 Interface regularisation . . . . . . . .. ... L. 11
2.5 Contact line treatment . . . . . . . . . . . ... ... ... ... 12

3 Numerical methods 15
3.1 Solution method without mass transfer . . . . . . .. ... ... ... 15
3.1.1 Spatial and temporal discretisation . . . . . ... .. ... .. 15

3.1.2 Partial densities . . . . . . . ... 16

3.1.3 Temperature, physical properties and curvature . .. . .. .. 16

3.1.4 Fractional Step . . . . . .. ... 16

3.1.4.1 Predicted velocity . . . . . ... ... 17

3.1.4.2 Correction . . . . . . ... ... ... . 17

3.1.4.3 Pressure solution . . . .. . ... ... ... ... .. 17

3.2 Phase transition . . . . ... ... L 18
3.3 Timestep . . . . . . o 18

4 Results and discussion 21
4.1 Setup. . . . . 21
4.2 Effect of superheat temperature . . . . . . . .. ... 24
4.3 Effect of wettability . . . . . .. . ... 0oL 27

XV



Contents

4.4 Effect of number of nucleation sites . . . . . . .. ... ... ... .. 30
4.5 Heatmap . . . . . . . . . . .. 33
4.6 Discussion . . . . . . ... 35
5 Conclusion & Outlook 37
5.1 Summary & conclusion . . . . . . .. ... 37
5.2 Future opportunities . . . . . . . . . ... ... 37
Bibliography 39

Xvi



1.1

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

List of Figures

Plot of wall heat flux versus wall superheat temperature for pool
boiling [7]. . . . . . .

Initial state of the benchmark case. Volume fraction of steam is visu-
alised with dark area indicating vapour and bright area liquid water.
Initial diameter dy is shown as well as the coordinate axes x and y.
The arrows [, and [, indicate the domain lengths. Boundary condi-
tions for temperature 7', velocity components u; and pressure p are
specified at respective boundary. . . . . . ... ...

Volume fraction of the rising boiling bubble for 6, = 120° at times
t* = 0.67—1.34 —2.0. Subfigures (a) — (d) — (g) report the results for
AT = 5K, (b)—(e) — (h) the results for AT = 10K and (¢) — (f) — ()
for A=15K. . . ..o
Nusselt number Nu = ql,/(k2AT) as function of dimensionless time
t* =t/4/l,/|g| with superheat temperature AT as variable parameter.

The symbols mark the time steps for the visualisations in 4.2.

Departure cycle period time At* as function of wall superheat tem-
perature for 6. . . . . ...

Volume fraction of the rising boiling bubble for AT = 15K at times
t* =0.39 — 0.74 — 0.92 — 1.34. Subfigures (a) — (d) — (g) — (j) report
the results for 6,, = 60°, (b) — (¢) — (h) — (k) the results for 6, = 90°
and (¢) — (f) — (4) — (1) for 0, =120°. . . . . ... ... ... ....
Nusselt number Nu = gl,,/(k2AT) as function of dimensionless time
t* =t/4/l,/|g| with static contact angle §,, as variable parameter.

Volume fraction of vapour for A = 15K and 6, = 120° at times
t* ~ 0.05 — 0.25 — 0.50 — 0.59. Subfigures (a) — (¢) — (e) — (g) report

29

the results for Ny, = 5 and (b) — (d) — (f) — (h) the results for Ny, = 7. 30

Nusselt number Nu = ¢, /(k2AT) as function of dimensionless time
t* =t/4/l,/|g| with number of initial bubbles as parameter. . . . . . .
Heat map of the time averaged Nusselt number as a function of su-

perheat temperature AT = [2.5K,5K,7.5K, 10K, 12.5 K, 15K] and
static contact angle 6,, = [45°,60°,90°,120°]. . . . . . . ... ... ..

34

Xvil



List of Figures

4.10 Heat map of the time averaged Nusselt number as a function of num-
ber of initial bubbles Ny, = [2,3,4,5,6] and static contact angle
B = [45°,60°,90°, 120%). .« . o

xviii



List of Tables

4.1 Thermo-physical properties of the system.

Xix



List of Tables

XX



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 efficiency of both generation and consumption
of energy [1]. Both energy producing industries such as solar energy and thermal
power, and the energy consuming field of electronics require efficient and fast heat
transfer [2]. The most efficient 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 influences 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 fluid together with the dynamical
behaviour and phase change of the bubbles will be investigated through numeri-
cal simulations. More specifically the effect 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 flow is a fluid dynamical flow containing two or more thermodynamic
phases [3]. Frequently these phases are found to be of separate states of matter,
e.g. liquid and gas flow, however generally this is no constraint with oil and water
flow being one example of same state of matter multiphase flow. Multiphase flows
are present in a multitude of different fields, 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 flow of blood
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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 flows, with the broad
spectrum of scales and how to handle the interaction between different 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
flow 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 (solidification of gaseous phase), melting (solid phase converting
to liquid phase), condensation (gaseous phase liquefies), 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 effected by
the formation of bubbles, is a complex phenomenon that is still not fully understood.
The reason for this is the different kinds of mechanisms responsible for heat transfer
depending on the flow field and the large numbers of variables affecting 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 flow field of the fluid above the superheated surface. These are pool boiling, the
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case when the fluid above the wall is initialy stagnant, and flow boiling, meaning
that the fluid 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 coefficients. There are different 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 flux 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 flux 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 flux. Additional increase of temperature is followed
by reaching the so called critical heat flux (CHF), where the nucleation site density
becomes high enough for spots of vapour film to form on the surface, denoting the
start of the transition boiling regime. This is followed by a drastic decrease in heat
flux due to the insulating gas, if the wall is held at a constant temperature, or an
increase in wall temperature if the heat flux is fixed. A point of minimum heat flux
is reached called the Leidenfrost point, where the vapour forms a film over the entire
surface, and after that the heat flux 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.

Region | I Region 11 | Maximum | Region IV
I | {critical) heat |
o fuxt” )
Ty = I MNucleate o TR | Film
I boiling | Transition | boiling
I | boiling |
“= . s|  Natural | | |
E w[ _ | |
. convection
E boiling : | Minimum
ey o -
i A I Slugs and = heat ﬂ“""lqmm
10 | |
columns
Isolated | Region 111
Il:uhhlu.li | |
10 Ll ; | ; |
| 5 10 30 100 320 1000
-&T=Tﬂ. rr T.\:H {CC}

Figure 1.1: Plot of wall heat flux versus wall superheat temperature for pool
boiling [7].
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To extend our knowledge within this field 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 [§]
studied pool boiling and observed dry areas on the heating surface when the critical
heat flux 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 effect 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 effects
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-fidelity
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 different 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 flow field [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 fluid and solving the Navier-Stokes
equations. These methods can be divided into one fluid- and two fluid-methods.
In the two fluid-method, termed Eulerian-Eulerian, both phases are modelled as
continua and are fully interpenetrating, making the detailed information about the
interface lost [15]. Single fluid-methods apply a single set of governing equations in
the entire domain, representing the different phases with different 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 flows
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 fluid. 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 identified connected to the interface: ensuring conservation of mass, momentum

4
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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 finally achieving robust simulations
of realistic flows [17]. To deal with these issues, one first 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, defined on the same Eulerian
mesh as the governing equations. This indicator function varies between different
values in different 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 diffuse interface
(DI) methods. In sharp interface methods the fluid 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-fluid 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 flows despite the drawbacks connected to the
interface being significantly 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 benefited from that the increased resolution in
the numerical calculations of the property gradients due to the diffused 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 different 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 Demou et al. [22] will be used. The idea behind this numerical
methodology is combining the pressure-based approach from incompressible flow
and applying this to flows with phase change, which are compressible altough at low



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
effect 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 flux from
the wall to the fluid. The existence of an optimum configuration of parameters that
allows for maximum heat flux coefficient, i.e. ratio of wall heat flux to superheat
temperature, will be probed. For measure the dimensionless Nusselt number Nu
will be used, normalising the heat flux coefficient with a characteristic length scale
and heat conduction coefficient.

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-off 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 flux until the critical heat flux and
initiation of film boiling.

1.2 Project objective

The aim of this project is two-folded. The first 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 flow 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 diffuse interface model with phase change. In particular
the heat flux will be studied and a maximum is tried to be found.
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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 finally 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 flow used in
this thesis project is a diffuse 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 flow 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 Demou et al. [22] and improved
by Shahmardi [4] is used. This model is an augmented four-equation model solving
for five variables, i.e. the masses of both phases are explicitly solved for. Since
kinetic, mechanical and thermodynamic equilibrium are imposed, the velocity wu;,
the temperature 7', and the pressure p 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]:

agf * 81 (myu;) =0, (2.1a)

B ) =0 2

o+ e (ru) + (51 -1) 38 = 5P(De + ), 219
85: + aij(uiuj) ungj = ;(Dui + Y+ Gy), (2.1d)
glzthr“igZ tr 2§§j = SV (De + K), (2.1e)



2. Mathematical model

here my = aypy is the mass per unit volume of phase k, where k = 1,2, «y the
volume fraction, p; the phase density, t is time and x; are space coordinates.

The temperature and pressure source terms Sy and S, are:

T CpT’ Cpal’
S;l): pe pl 1+ P2 22 7
Cp1+0p2

2
P1cy P26

S = —=(¢)", 2.2

1
S = §(¢P)T,

where we have the mixture density p = aqp; + aapa, speed of sound of the mixture
c, extensive heat capacity at constant pressure for phase k, Cp;, and the Griineisen

coefficient I'y = (%) . Here & is the internal energy per unit volume for each
k

9, ,
phase. The mixture speed of sound is defined as:
2
1 (05} (0%] pTO 10 2 FQ Fl
2:p< 3 T 2)+ el 2 2| - (2.3)
¢ pict P26 Cpr + Cp2 \ p2c5  prci

Further we have:
- _ pici pach T ap T
D = (F1_1“2> () +(F1+F2) (9p)",
(Cp)" = a1Cipz + aapy, (2.4)
(9p)" = a1gp2 + apapy,
(00)" = araa(d1le — ¢201),

where 5 c
Pk Iy Ck
_ - _ 2.5
O <3Tk>pk Pk czakpk (2:5)
and 0 rzc,,T
Pk 1 k“pk
== = — + ) 2.6
S (@%)Tk Ci C%O%pk (2:6)

We furthermore have the divergence of the viscous stress tensor D, and viscous
dissipation Dsg:

0
DU' = 5 Tij
7 ax‘]Tj
0
Dg = %ujTij7 (27>

Ty = H Jdx;  Ox; 30wy RO )

where 7;; is the viscous stress tensor, p is the dynamic viscosity and o;; is the
Kronecker delta. Note that we have assumed a Newtonian constitutive relation for
the viscous stress tensor.
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K = %(m)% is the heat conduction given by Fourier’s law, where « is the coefficient

of heat conduction, and G; = pg; is the gravitational force per unit volume where g;
is the gravitational acceleration.

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

dap
o 0 67992 80(1
i = 7 o1, ( (&mam)) or;’ (28)

axk 8zk

where o is the coeflicient 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 p = ayp; + agpo,
mixture internal energy relation per unit volume & = a1 + @&, temperature
equilibrium condition 77 = T5 = T and pressure equilibrium condition p; = py = p.
In this project the Noble-Able stiffened-gas (NASG) EOS has been used [26]. The
temperature and pressure are in this model expressed as [22]:

(1 — prbr) (Pr + Pook)

T, = 2.
i (Pks Pk) oo —1) (2.9a)
-1
Pk (Eks pre) = ﬁpkbk(&c — NkPk) — VkDooks (2.9b)

where by, pooks Yk, Mk, are phasic parameters of the EOS and k., is the phasic

specific heat capacity at constant volume. Note that the extensive heat capacity
is Cpp = uprkpr Where Ky, = KypYe. Equation 2.9a is used to obtain the phasic
densities pi by first using 2.1c and 2.1e to solve for p and T" and then relaxing the
pressure, pp = p, and temperature T, = T'. With the above expressions, the phasic
Grineisen coefficient 'y, speed of sound ¢, Gibbs energy g, specific enthalpy hy
and specific entropy s, become:

-1
Ly(pok) = 17ipkbk7 (2.10a)
D+ Dook
= —_— o= 2.10b
(P, pr) \/'Ykpk(l =) (2.10b)
i
9x(p, k) = (kor — k)T — KT log (W) + i + bep, (2.10¢c)
hi(p, T) = kp T + bp + N, (2.10d)
Tk ~
Sk(p, T) = Ryk lOg <W> -+ Nk, (2106)

where 7 is an entropy constant.



2. Mathematical model

The equation of state for each phase is used to obtain the pressure-temperature
saturation curve for the fluid by using that Gibbs free energy is in equilibrium along
the curve, setting g; = go. After inserting the expressions above and rewriting, the
final expression for the curve is given by:

pEs
=0 2.11
T Y ( )

By
Ag = -t Cslog T + Dglog(p + peo1) — log(p + poc2) +

where,

Kpl — Kp2 — 11 + 12

m — 12 Kpl — Kyl
As = 9 aBs = >Cs = )
'%p2 — Ky /ﬁ?p2 — K2 Kp2 — K2 (2 12)
Kp1 — Kol by — by .
D,=-"*t_"" and B, = —.
K'p2 — Ry2 KpQ - 5112

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=v(g—q) (2.13)

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

(9m1 0 .
gt T+ g ) = M,
Omg 0
W + a—xl(mguz) = —M,
oT 0 ou,
S T g (Tu) + (8§ = T) 2 = S (De + K) + 57 M, (2.14)
7 J
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2. Mathematical model

where the new quantities S}S) and Sf) are defined as:

w1 <><2_><1 o) + @_@ - ( Otz)Ap,
D FQ 1 FQ
) (2.15)
g@ _ = <X1_X2 )z %_@ :
» ~5 |\, T T, + ol
where
Ap = py — p1,
v — + )
Cb 041¢1 Oé2¢2 (2.16)

Go = 041C1 + (o,
Xk = Ck L'ih.

2.4 Interface regularisation

Diffuse interface methods suffers under a well known drawback: the interface spreads
over many computational cells. A remedy to this is the usage of anti-diffusion
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:

omy 0 o

ot + axl (mluz) =M+ %Ri(al, pl)7 (217a)
Om 0 o

8t -+ %(mwn) M + — 8@ (Oég, ,02), (217b)

where R;(aq, p1) is an Accurate Conservative Diffuse Interface (ACDI) regularisation
term and is expressed as:

oo I,
RZ'(Oél, pl) r r&pP1 axj — 4p1 (1 — tanh%i)) ng, (218)

where ¢ is the interface thickness, I', is the regularisation velocity scale parameter
and

a1 + €
=¢l () 2.19
y=eln l—ay+ce¢ ( )
is a level-set function where € = 2 - 10716 is a small tolerance and
oY
ny = —2t (2.20)

Y
ij 8xj
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2. Mathematical model

is the interface normal vector. Boundedness of the indicator function, 0 < a; < 1 is
ensured with proper values of € and T, and are chosen accordingly to Jain [27]:

Fr > |ui|ma:c

2.21
e > 0.5Az, ( )

where |t;]mqe 18 the maximum magnitude of the velocity field and Az 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 6, boundary condition on the wall normal gradient
of the phasic masses my. This boundary condition is derived by Shahmardi [4] from

the Cahn-Hilliard framework’s conventional static contact angle boundary conditions
[28]:

’

day ‘];(ozl) cos(0), (2.22)

om;
where f(a;) = 3a? — 2a3 is a kernel function that varies smoothly between 0 and 1
within the interface. Using ay = my/p; we write the left hand side of 2.22 as:

8(11 1 8m1 _ mq 8p1

g o L1O0m,  mulp 2.23
8x1n p1 Ox; " 03 axi" ( )

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

om ' my 0
8901‘1 n; = pl“];(oq) cos(0,) + pf@ij n;.

(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 multipliers £, ; to the right-hand-side of the mass transport
equations [29]. E.g. the transport equation for m; becomes:

8m1 i 0

0
(mlui) =M + %Ri(ala pl) -+ ‘Cw,l- (225)

We assume L, = qi(t)W(au, pr) where g is a function constant in space and
W = pi.f (a1) is a kernel function. To calculate ¢(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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2. Mathematical model

1
_fQ 6pkak(1 — Oék)dQ

a(t) = /QaaxiRi(al,pl)dQ. (2.26)

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

0;:1 + ;pi (miu;) = M+ ;%Ri(al, p1) + L, (2.27a)

8;22 + aii (mou;) = —M + ;%Ri(az,/h) + Lo, (2.27b)

%f + aii (Tu;) + (S - T) Zf;j = SP(De + K) + SPM, (2.27¢)
a(;:‘ ;%(uiu]) ungj = ; (Dy, + 3 +Gy), (2.27d)

Ip T+ Op 1) 2 0Ui _ 5}9(95 + K) + 5]9/\/1. (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 first
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 Demou et 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 Az = [,/N,, Ay = [,/N, and Az = [,/N,, where the
domain lengths are l,, [,,, and [, and the number of cells are N,, N, and N,. To avoid
pressure-velocity oscillations a staggered grid is used where the velocity vectors are
defined on the cell faces and all scalar fields defined at the cell centres. For the
spatial discretisation a second-order finite difference scheme is used.

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

mm=l—gn o and @Vt = gL (3.1)
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3. Numerical methods

3.1.2 Partial densities

Firstly partial densities of the new sub-step mZ’m+1 are solved for by using the

mass transport equations 2.27a and 2.27b, without the mass transfer terms M.
Accordingly to the RK3 method the updated m}"™*" is given by:

0
mZ’mH =m,"" + At lo?m (— o

() +

gm <_8ii (mkui)>n7m_ + (3.2)

om0
v (8:62- R;i(ag, pr) + Ew,k> 17

where At is the time step, @™ = {8/15,5/12,3/4}, Bgm = {0,-17/60,—5/12} and
A™ = a™ + ™ are RK3 coefficients. The advection terms, regularisation and La-

grange multiplier are discretised with central differences.

3.1.3 Temperature, physical properties and curvature

Secondly the temperature field is advanced in time similar to the partial densities.

The temperature equation 2.27c, without M, is solved to obtain the next sub-step
of T™m+1 [22]:

TrmH = T A léz’" ( O (Tu,) - (s =1) 87"“) +

_8% 6952
~m 8 ( 8uz mm=1
3 (— 5. (Tw) = (sy = 1) 835) +  (33)

" (s e+ )"

A van Leer flux limiter is used to discretise the advection terms while the viscous
dissipation and heat conduction terms are discretised with central differences.

Thereafter the fields of of viscosity and thermal conductivity are updated as:
= gl gt and AN = oI 4 o (3.4)

where ay = 1 — ay and i, f2, A1, A 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 firstly calculate a predicted
velocity field u;"™" by solving the momentum equation Eq. (2.27d), omitting the
pressure gradient term.
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3. Numerical methods

3.1.4.1 Predicted velocity

The predicted velocity u;"™" is expressed as:

0 ou; D, \"™"
up™ = w" + At @™ | ——(wuy) + ui& + — +
Oz, Oz, p

~ 3 an Du mm—t
m( Y 2, T 3.5
I5; ( o, (wiuj) +u; o, + p > + (3.5)

m <Ei+Gi>”’m]
’)/ .
P

All terms are discretised in the same manners as before.

3.1.4.2 Correction

?’mH can be calculated once the updated

is obtained and is given by the following expression:

The corrected updated velocity field
pressure field p™™m+!

n,m-+1

1 ~ dp

i
X

/P (3.6)

3.1.4.3 Pressure solution

Thereafter the time discretisation of the pressure equation Eq. (2.27e), without M,
is written as:

G (— a,(pui)eraZ’:) Ty (3.7)
m {(sg@ )" = ey (G }]

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

an n,m-+1 8711 n,ms . o Gp”’mH -
<8x-> B (69&) -7 Atax- ( Ox; /P ) (38)
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Inserting Eq. (3.8) in Eq. (3.7) gives:

aU‘ n,m+1
nm+1 ( m) AtQpC) <axl> —

T ox;
9 aui>"””‘1
(pui) +p +
-
o 81,6 n,m
5 (1 e 2\n,m [ Z
o {(sp (De+ K))"" ~ (o) (8) H

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

(5
""W—Atlam( aa (pu; +p8u> +

3.2 Phase transition

An operator splitting technique is used to implement the phase change term M. As
explained in the previous chapter the governing equations are first solved without
M to get mp™ ! T and p ™+ which actually are intermediate values. We
here denote mZ mHH, Tm 4T and p»™ 1+ 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]:

nm+1+t _  nm+l g; e _g? e 1 K.A 1

my =m + I% (1 — exp(—vE,At)), (3.10a)
g

pam I = prmtl y g(2) T /S K,A 3.10b

p =p"" 4 I (1 — exp(—v K, At)), (3.10b)
g
(3)92 gyt

n,m—+1 __ gm,m+1

T = el g e (1 — exp(—vK,At)), (3.10c)

g

where K, = 1/6P"" +1/60™ and 1/6™ = (—1 LS /o — 53,57 B for k =
1,2. To enforce exact global mass conservation we update my™ 1 = prmti+t _
m? T which works since p is invariant during each mass transfer time step. In
this project we set the chemical relaxation parameter v = oo, 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]:

At = CAt min(Atc, Ata, Atu, At/\), (311)
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where Cy; is the Courant number and At., At,, At,, Aty are the upper limits of
the time step with regards to convection, surface tension, momentum and thermal
energy diffusion. These maximum time steps are given by the following expressions:

—1
|ux m‘m| |U max| |uz maw|
At, = : LL ) 7
< Az i Ay - Az
At — \/(lem + po,min) min(Ax3, Ay3, Az3)

4o

~1
1 o 2 2 2
At, = 7
l [max (pl,min p2,m7jn> <A$2 + AyQ + A22>‘|

A A Ao 2 2 02 -
= |max
A pl,mincp,l ’ ,02,minCp,2 ALE’2 Ayz AZQ ’

where we have the estimation of the velocity component with the largest absolute
value |u; maz| and the minimum value of the density of phase & in the domain py.

9

(3.12)
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4

Results and discussion

In the previous chapters a mathematical model for describing two-phase flows was
presented. This model combined mass transfer due to phase change with wettability
effects 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 different 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 different super-
heat temperature, different surface chemistry (wettability), and different number of
nucleation sites on the dynamics of a boiling rising bubble. To better understand
the effects 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 effect of the wettability and finally Section 4.4 addresses the effects
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 flux) . The chapter is summarised
by a heat map of the average Nusselt number for all the setups in Section 4.5 and
finished 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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4. Results and discussion

Coefficients | Liquid Phase | Vapour Phase
k(I kg /K) 4285 1401
Ko(J/kg/K) 3610 955
~ 1.19 1.47
Poo(Pa) 7028 x 10° 0
b(m?/kg) 6.61 x 104 0
n -1177788 2077616
7 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.

T:Tsata %;j - O, P = Patm

Lo

Periodic
o~~~
<
Periodic

y d
0
>

T:Tsat—kAT,ui:g—z:O

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 dy is shown as well as the coordinate axes x and y. The arrows [, and
l, indicate the domain lengths. Boundary conditions for temperature 7', velocity
components u; and pressure p are specified at respective boundary.

The two dimensional domain size is set to [, X [, = 7dy x 3.5dy = 0.07m x 0.035 m,
where dy = 0.01 m is the initial bubble diameter. Further the domain is discretised
with N, x N, = 128 x 64 grid points. Initial pressure in the entire domain is
set uniformly to atmospheric pressure, pg = pan = 101325 Pa. Both phases are
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4. Results and discussion

initialised at saturation temperature, determined from the equation of state, i.e,
Ty = 372.585K. The fluid is initialised at rest and gravitational acceleration is
set to g = —9.81m/s? in y-direction. In this chapter we denote the vapour phase
as k = 1 and the liquid phase as kK = 2. Viscosities are set to the following:
1 = 0.001Pa-s, us = 0.01Pa-s and thermal conductivity coefficients to x; =
0.0249W/(m - K), ke = 0.60W/(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 p; o = 0.7574 kg/m® and ps o = 1054 kg/m?.
Surface tension is set to ¢ = 0.07N/m. The regularisation velocity scale is set to
[, = 5|u;|maes and interface thickness € = 0.51Ax.

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 components wu;.
Dirichlet boundary conditions also apply for the temperature 7T),—y = Ty + AT, with
AT being the superheat temperature. To enforce the contact angle the boundary
condition from Eq. 2.24 is enforced for the phasic masses. For pressure p, level-
set function W, interface normal vector n; and density p, homogeneous Neumann
boundary conditions apply. An outflow 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—iy = patm and Ty—;, = 372.585 K. We further impose
Neumann boundary conditions for the level-set function and interface normal vector.

We introduce the reference length [, = dy and the reference velocity to be u, =

|g|l.. The physical dimensionless parameters that governs the overall dynamics of
the system can now be defined as:

d
Re = P10 _ 331 (4.1a)
M1
24
We =190 _ 1y, (4.1b)
g
2
Uu
Fr=—"=1, 4.1c
l9ldo ( )
_ d?
Bo— 2= P9 _ ¢ (4.1d)
g
A, =22 = 1301, (4.1¢)
P1
A, =12 =10, (4.1f)
H1
Ao = 2 =94, (4.1g)
R1
P2 Hp,QAT
Ja = 21220 4.1h
p1 Ahy, ( )
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Here Re 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,
Fr the Froude number, representing the relative importance of inertial to gravity
effects and Fo the E6tvos number stating the balance between gravitational and
surface tension forces. Moreover, A,, A, and A, represent the density, viscosity and
heat conductivity ratios, respectively. Finally Ja is the Jakob number and defined as
the ration between sensible heat and absorbed latent heat during the phase change.
The heat flux ¢ at the lower wall is calculated as:

qg=—Kk— (4.2)

where k is the mixture heat conductivity. A quantitative measure of the effectiveness
of boiling is the heat transfer coefficient (HTC) h, defined as the ratio of heat flux
of the surface to the superheat temperature:

h=-1. (4.3)

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

_ Ty

R2

Nu (4.4)

and represents the ratio of convective to conductive heat transfer at the boundary.
Finally for presenting the results we utilise the dimensionless time t* = ¢/t, where

t is the physical time and t;; = /I, /|g| is the free-fall time.

4.2 Effect of superheat temperature

To probe the influence of wall superheat temperature on the rise and formation of
bubbles six simulations were performed with with superheat temperatures AT =
25K, 5K, 75K, 10K, 12.5K,15K]. 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 6,, =
120° and the bubble was initialised at (z,yc0) = (3.5dp, 0) where ., yeo 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 different times, t* = [0.67,1.34, 2.0], where the results
are only shown for superheat temperatures AT = [5K, 10K, 15 K] for clarity.
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=10K. (c) t* = 0.67, AT = 15K.

(a) t* = 0.67, AT =5K. (b) t* =

' , a

(d) t* =134, AT =5K. (e) t* = 1.34, AT = 10K. (f) t* = 1.34, AT = 15K.
- - -

(g) " =2.0, AT =5K. (h) t* =2.0, AT = 10K. (i) t* = 2.0, AT = 15K.

Figure 4.2: Volume fraction of the rising boiling bubble for 8,, = 120° at times
t* = 0.67 — 1.34 — 2.0. Subfigures (a) — (d) — (g) report the results for AT = 5K,
(b) — (e) — (h) the results for AT = 10K and (¢) — (f) — (¢) for A = 15K.

Figure 4.2 reports the visualisation of the system at three different 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 effects: 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 (6, > 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 flux at the wall as a function of time for the different superheat tempera-
tures can be seen in Figure 4.3. Nusselt number Nu and dimensionless time ¢* are
calculated as explained in Section 4.1. Black dashed line represents AT = 15K,
green solid line AT = 10K and dash-dotted blue line AT = 5K.
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Nusselt number for 6, = 120°

126 @ —.— AT =5K
124 - ./‘\ — AT=10K
- -—= AT=15K 7\
122 - \ -
120 1
Iy
Z 118
116 -
114 -
1121
0 2 4 6 8
t*

Figure 4.3: Nusselt number Nu = ¢l,/(k2AT) as function of dimensionless time

t* =t/+/l,/|g| with superheat temperature AT 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 first observation, regardless to the im-
posed superheat temperature, the heatflux first 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 effect,
where the heat transfer decreases dramatically.

In addition, Figure 4.3 suggests that the Nusselt number decreases as the superheat
temperature increases. Since the difference 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 figure 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-
firms our previous discussion on figure 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.

Detachment period At*

461 \
\‘
\t
4.5 \
\t
5 N
4.4 N
\0
\0
4.3 ™.
~
‘— —'—-* ----- ‘
25 5.0 75 10.0 125 15.0
AT [K]

Figure 4.4: Departure cycle period time At* as function of wall superheat tem-
perature for 6.

4.3 Effect of wettability

Another set of simulations were performed with a constant superheat temperature
AT = 15K and with varying static contact angle 6,, = [45° 60°,90°,120°, 135°].
This corresponds to Jakob number Ja = 41 and the bubble was again initialised at
(e, Yeo) = (3.5dp, 0). In Figure 4.5 the vapour volume fraction can be seen for four
different times, t* = [0.39,0.74,0.92, 1.34], for the respective contact angle.
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(a) t* = 0.39, 0, = 60°.  (b) t* =0.39, 6, = 90°.  (c) t* = 0.39, 6, = 120°.

(f) t* = 0.74, 0, = 120°.

(g) t* =0.92, 6, = 60°.  (h) t* =0.92, 6, =90°. (i) t* = 0.92, 0, = 120°.

G) t*=1.34, 60, =60°. (k) t*=1.34,0,=90° (1) t* = 1.34, 6,, = 120°.

Figure 4.5: Volume fraction of the rising boiling bubble for AT = 15K at times
t* =0.39 — 0.74 — 0.92 — 1.34. Subfigures (a) — (d) — (g) — (j) report the results for
0, = 60°, (b) — (e) — (h) — (k) the results for 0,, = 90° and (c¢) — (f) — (z) — (I) for
0, = 120°.

According to Figure 4.5, the wall chemistry has a dominant role on the overall
dynamic of the system. In particular, comparing different 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 different
values of contact angle. Black dashed line represents 6, = 120°, green solid line

0, = 90° and dash-dotted blue line 6,, = 60°.
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Nusselt number for AT = 15K
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Figure 4.6: Nusselt number Nu = ¢l,/(k2AT) as function of dimensionless time
t* =t/y/l,/|g| with static contact angle §,, as variable parameter.

It can be noticed that due to the same initial conditions, the Nusselt number is the
same for all angels at ¢ = 0. Remember that the bubble was initialised as a perfect
semicircle, with an initial contact angle between bubble and wall being 90°, the
imposed contact angle taking some time to actually being enforced due to inertia.
After the initiation the effect of the contact angle and the subsequent spreading
is seen with the heat flux being the lowest for hydrophobic angle 6,, = 120° (black
line) and highest for hydrophilic 6,, = 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 flux. For both 6, = 60° and #,, = 90° (green line) the heat flux 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 fluid next to the
wall thereafter slowly heating up leading to lower heat flux. The general trend is
similar for 6,, = 120° but the maximum heat flux 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 6, = 60° and 6, = 90° compared to 6, = 120°
even after the complete detachment of the bubbles. This shows that the heat flux
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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4.4 Effect of number of nucleation sites

Simulation series number three was performed to see the effect of nucleation site
density, by varying the number of initial bubbles at the lower boundary. This was
done with fixed superheat temperature AT = 5 K and static contact angle 6, = 120°.
Since the domain length in x direction was seven times the initial bubble diameter,
l, = 7dy, the number of initial bubbles, N, were varied between 1 and 7. The
resulting steam volume fraction is to be seen in Figure 4.7, for Ny, = [5,7] at times
t* =[0.52,2.59,5.04, 5.86].

(a) t* ~ 0.52. (b) t* ~ 0.52.

® @ @ @
a a a a B . A

(c) t* ~ 2.50. (d) t* ~ 2.59.

.
111 . @ .
() " ~ 5.04. (f) t* ~ 5.04.
- -
-
% 00 o ™

a a A aAa a A -
(g) t* =~ 5.86. (h) t* ~ 5.86.

Figure 4.7: Volume fraction of vapour for A = 15K and 6, = 120° at times
t* ~ 0.05 — 0.25 — 0.50 — 0.59. Subfigures (a) — (¢) — (e) — (g) report the results for
Nywy =5 and (b) — (d) — (f) — (h) the results for Ny, = 7.
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In figure 4.7a and 4.7b it is clearly seen that for five nucleation sites the bubbles
are separated whereas for seven nucleation sites a film forms. It is observable in
figure 4.7d that this film contracts after a few initial oscillations, t* ~ 2.59, due to
the effect of surface tension, where three distinct peaks are seen. These peaks are
thereafter completely contracted to three distinct bubbles which are later detaching,
see figure 4.7f. Note how the the two outer bubbles detach faster than the centre
bubble, and that two smaller bubbles are ejected from the larger rising bubbles. In
figure 4.7h it can be seen how the first detaching bubbles effect the second wave
of bubbles, where the central bubble is separated to the sides due to horizontal
forces from the wake of the outer forces. Looking at the setup with 5 nucleation
sites it can be seen that a separation of the bubbles are maintained throughout the
whole simulation, Subfigures 4.7c, 4.7e and 4.7g. Interesting to see is that the first
set of detaching bubbles are almost symmetrical with weak coupling between the
bubbles in a sideways direction. However as can be seen at t* ~ 5.04, the central
bubbles detaches more quickly for the second departure. This can be further seen at
t* ~ 5.86 where the central bubble has a higher vertical position, and also a smaller
volume compared to the outer four bubbles. The outer four bubbles are also seen to
have obtained some rotation since their shape is rotated with regards to the vertical
axis. Inwards rotation for the two inner bubbles and outwards for the two outer.

Figure 4.8 represents the evolution of the non-dimensional heat flux for different
number of nucleation cites. Dash-dotted blue line represents Ny, = 1, black dashed
line Ny, = 3, red long-dashed line Ny, = 5 and purple dot-dot-dashed line Ny, = 7.
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Nusselt number for AT = 15K and 6, = 120°
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Figure 4.8: Nusselt number Nu = ¢l,/(k2AT) as function of dimensionless time
t* =1t/4/l,/|g| with number of initial bubbles as parameter.

We observe that in general, the total heat flux depends on two mechanisms. As the
first mechanicsm, heat conduction decreased as the more surface area of the wall is
covered by vapour phase with lower conductivity. On the other hand, as the bubble
grows due to phase change, latent heat contributes to the total amount of energy
extracted from the wall.

Irrespective of the number of nucleation sites, the heat flux first increases due to
higher heat conduction and reaches the maximum value where the first bubble de-
parts. There the remaining bubbles spread out on the surface and heat transfer
reduces. This continues until the second nucleus grows large enough to start con-
tracting and the heat flux increases again. This periodic scenario goes on.

Among different cases, for the parameter setup of this study, the surface with a single
nucleation cite provides better heat transfer. This can be understood by considering
the two abovementioned mechanisms. Having single nucleation cite, smaller portion
of the wall is insulated by the film of the vapour, thus higher conduction heat flux
is obtained. Even though the phase change heat transfer increases as more bubbles
are formed and grown on the wall. However, since the bubble is so large, it departs
the wall very soon. As a result, there is not enough time for phase change heat
transfer to overcome the conduction.
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On the other hand, for the case with 7 nucleation cites, due to rapid formation of
the insulating film, initially almost all the wall surface area is insulated by vapour
resulting in very small value for heat flux. However, soon after the bubbles merge,
due to surface tension forces, the film of vapour forms a large bubble which is
subjected to boiling. Thus, there is a rapid and abrupt increase in the heat flux
due to phase change over a large bubble. The heat flux increases until the bubble
starts departing the wall leaving three nucleation cites behind for the next round of
phase change. After this instance, the overal heat flux of the system with 7 initial
nucleation cites is very similar to the one with 3 nucleation cites (see the overlap
between the black and the purple lines in figure 4.8).

4.5 Heat map

To summarise the results two heat maps of the time averaged Nusselt number Nu
will be presented. It is calculated as:

1 Nudt
ofodt (4.5)
0

5
I

where Tt = 3t;y. Here more simulations are included then were presented in the
figures in the last chapters. Simulations were performed for 6,, = [45°,60°,90°, 120°],
AT = 25K, 5K, 75K, 10K, 12.5K, 15 K] and Ny, = [1,2,3,4,5,6]. The first heat
map represents superheat temperature AT on the x-axis and contact angle 6,, on
the y-axis for one nucleation site and is show in Figure 4.9.
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Time Average Nusselt number
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Figure 4.9: Heat map of the time averaged Nusselt number as a function of su-
perheat temperature AT = [2.5K,5K,7.5K, 10K, 12.5K,15K] and static contact
angle 6, = [45°,60°,90°, 120°].

Highest average Nusselt number is found for the lowest superheat temperature
AT = 2.5K and the most hydrophilic contact angle ,, = 45°. This can be un-
derstood by quickest departure time for hydrophilic angles, most liquid-wall contact
and largest ratio of latent heat transfer to conduction heat transfer for lowest su-
perheat temperature. Lowest Nusselt number is found for the most hydrophobic
contact angle 6,, = 120° and superheat temperature AT = 15 K.

The parameters of the second heat map are initial bubbles Ny, and static contact
angle 0, with fixed superheat temperature AT = 5K, and is presented in Figure
4.10.
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Time Average Nusselt number
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Figure 4.10: Heat map of the time averaged Nusselt number as a function
of number of initial bubbles Ny, = [2,3,4,5,6] and static contact angle 6, =
[45°,60°,90°, 120°].

The general trend is observed that the average Nusselt number decreases for higher
number of nucleation sites. This trend is most prominent for 6,, = 120° due to the
slower bubble detachment and longer contact time between bubble and wall. This
longer contact time enhances the effect of the number of initial bubbles compared
to the hydrophilic contact angles with faster departure and shorter contact times.

4.6 Discussion

Based on the Nusselt number results from Figures 4.9 and 4.10 the maximum heat
flux is found for 0, = 45°, AT = 2.5K and N, = 1. This is the configuration
that allows for the maximum contact area between liquid and wall for the largest
amount of time. To understand this we can note that the liquid water has 24 times
larger heat conduction coefficient than the steam, allowing for faster conduction of
the heat from the wall. This result seems to indicate that the heat flux is dominated
by heat conduction of the liquid water compared to phase change. The results from
Figure 4.6 further confirm this observation since the heat flux is higher without
any phase change, after the departure of the hydrophilic bubbles, compared to the
hydrophobic bubble, where phase change is present.
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The cause of this disagreement with literature, that phase change increases heat
flux, can be manifolded. Firstly the gravitational effects on the departure of the
bubble were nonphysically large compared to surface tension and thermal effects
since our simulated bubble had the diameter 1 cm, approximately one order of mag-
nitude larger than typical bubble sizes of departure in nucleate boiling. That means
that the simulated bubbles were initially already larger than the critical departure
size, detaching from the surface even without any growth. The growth phase of the
bubble, from nucleus to departure size, is therefore not simulated and the majority
of the phase change is not taken into account. In effect this means that the increase
in heat transfer that occurs for nucleate boiling due to bubble nucleation is missed.
However the algorithm became unstable when systems with smaller E6tvos number,
i.e. larger surface tension compared to gravity, were simulated. If smaller bub-
bles could have been simulated, a smaller initiation nucleus could have been used,
capturing the growth phase of the bubble as well and possibly seeing larger phase
change effects.

Secondly, another source of the unexpected results could be due to the relatively
low grid resolution used in the simulations. However unstable behaviour was noted
for finer grid, which greatly restricted the mesh resolutions that could be used.
Lastly the problem could arise from the phase change implementation itself, but
more investigation into the matter is needed.

This unstable behaviour shown by the algorithm severely limited the setups that
could be used for the simulations. Therefore not all cases could be explored as desired
and the anticipated physical phenomena was not observed as initially expected. The
cause for these instabilities are not entirely known, but one surmise is that the
level-set function in the interface regularisation faces some problems. The level-set
function spreads across the domain and shows oscillatory behaviour after some time
after initialisation. Maybe the combination of solving for the phasic masses instead
of volume fraction combined with phase change leads to some instabilities.

However one conclusion that can be drawn is that heat conduction is dominating for
large bubbles. This indirect indicates that it is in the early stages of bubble growth
that the main heat transfer contribution from phase transfer comes from.
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Conclusion & Outlook

In this chapter the thesis project and the results will be summarised. Based on
the discussion from the previous chapter the main outcome of the project will be
concluded. Lastly a discussion about future opportunities will be presented.

5.1 Summary & conclusion

In this project we investigated the effect of contact angle, wall superheat temperature
and nucleation site density on the wall heat flux and departure of boiling steam
bubbles with initial diameters dy = 1cm in quiescent liquid water. To investigate
this problem a numerical approach has been used, using a novel DI-algorithm for
weakly compressible flow. The Nusselt number based on the heat flux through
the wall was calculated over time and compared for different sets of parameters.
Maximum Nusselt number was found for AT = 2.5K, 0, = 45° and Ny, = 1, which
were the lowest values for superheat temperature, contact angle and number of
nucleation sites in the performed simulations. This indicates that maximum liquid-
wall contact is desirable for maximum heat transfer due to the high heat conduction
of liquid water compared to steam. The effect of heat transfer due to phase change
was found negligible compared to conductive heat transfer.

The results are not in agreement with theory and experiments of nucleate boiling
since the simulated bubbles had initial diameters of dy = 1cm, several orders of
magnitude larger than physical nuclei. This initial bubble size is larger than the
critical departure size leading to instant detachment. That means that the nucleus
growth where most of the phase change occurs was not simulated, thus failing to
capture the latent heat transfer of nucleate boiling correctly. Smaller bubbles were
not simulated due to instabilities in the simulation code, restricting the lower bubble
size. Further improvements of the method has to be done before the algorithm is
suitable for simulation of nucleate boiling.

5.2 Future opportunities

Firstly the algorithm need to be improved, such that it is stable for bubbles of
physical size in nucleate boiling. Thereafter numerous interesting phase change
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phenomena could be investigated.

This project investigated only the short term behaviour of nucleate boiling, looking
at one bubble departure for hydrophilic cases and two in hydrophobic cases. To
investigate the long term behaviour a nucleation implementation has to be added for
the hydrophilic angles when no vapour is left at the wall and hence no new bubble
automatically forms in the model. New insights could probably be drawn from
longer simulations and perhaps some new trends regarding the contact angle are to
be seen. With this new implementation the code could be coupled to an optimisation
algorithm, potentially finding the optimal wall conditions for maximum heat transfer
coefficient. Another interesting phenomena that could be investigated is a biphilic
surface, i.e. surface with hydrophilic and hydrophobic regions. Bubble behaviour
will be different and pinning at the transition from hydrophobic to hydrophilic will
be observed with potential effect on heat flux. As a last suggestion flow boiling can
be investigated, forcing the fluid to flow over the surface. Flow boiling has many
important applications within heat management since the fluid often is flowing above
the surface.
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