LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH | TRINITY COLLEGE LIBRARY DUBLIN
Ollscoil Atha Cliath | The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin
Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other IPR
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal
conventions. Where specific permission to use material is required, this is identified and such
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, | accept that Trinity College Dublin bears no legal responsibility for the
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific
use constraints, details of which may not be explicitly described. It is the responsibility of potential and
actual users to be aware of such constraints and to abide by them. By making use of material from a
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms &
Conditions. Please read them carefully.

| have read and | understand the following statement: All material supplied via a Digitised Thesis from
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for
your research use or for educational purposes in electronic or print form providing the copyright owners
are acknowledged using the normal conventions. You must obtain permission for any other use.
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has
been supplied on the understanding that it is copyright material and that no quotation from the thesis
may be published without proper acknowledgement.



BUBBLE GROWTH DYNAMICS
INCLUDING GRAVITATIONAL AND

ELECcTRIC FIELD EFFECTS

SERGIO Di1 BARI

Department of Mechanical & Manufacturing Engineering
Parsons Building
Trinity College
Dublin 2

Ireland

March 2011

A thesis submitted to the University of Dublin in partial

fulfillment of the requirements for the degree of Ph.D.



J o

TRINITY COLLEGE
19JUL 2011

LIBRARY DUBLIN

—. »y

4

&

<

i~

£~

4.8

Q0

o) ¢



DECLARATION

I declare that I am the author of this thesis and that all work described herein
is my own, unless otherwise referenced. Furthermore, this work has not been
submitted in whole or part, to any other university or college for any degree
or qualification.

I authorise the library of Trinity College, Dublin to lend and copy this

thesis.

Se@o Di Bari, March 2011

—






ABSTRACT

In the present work the hydrodynamics of adiabatic gas bubble growth
from a submerged orifice is investigated with the view of elucidating the
interdependence of the bubble shape and the pressure field during growth and
departure for different test conditions. The influence of both gravitational
and electric fields around a single isolated bubble during its growth have
been investigated experimentally with the aid of high speed photography and
detailed image processing. To facilitate this, an uncomplicated yet versatile
experimental apparatus has been commissioned which can simultaneously
measure the internal gas pressure and the shape of the bubble during its
lifetime. The design of the experimental rig allowed the user to modify the
bubble growth conditions such as the flow rate and the orifice size. In addition
to this, the effect of a uniform electric field was also studied by applying a

high voltage potential across the region within which the bubbles grew.

Combining measurements of the instantaneous
gas pressure, reconstruction of the local curvature and the Young-Laplace

equation, the liquid pressure field acting on the gas-liquid interface, over the

111



entire bubble surface, was calculated and its influence discussed in context
of the bubble growth characteristics for terrestrial gravity both with and
without an imposed electric field.

The study was extended to focus on some aspects of varying the
gravitational field on bubble growth dynamics. Since low gravity experiments
are prohibitively expensive, a numerical simulation approach was adopted to
achieve this goal. The commercial software TransAT was utilized and a
rigorous validation study was performed against the field-free bubble growth
measurements. The code was deemed validated and suitable for investigating
the influence of gravity on the bubble growth dynamics. The numerical
results show a very strong influence of the level of gravity on the bubble
formation and departure characteristics and have been detailed in the context

of the bubble shape, pressure and force evolution.
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INTRODUCTION

Nucleate boiling is a commonly used mode of heat transfer. It is characterized
by the rapid formation of a large number of vapour bubbles on a superheated
surface submersed in a liquid. The boiling phenomenon has been used as a
technology since around 2000 BC when Man first boiled water to purify it.
By around 500 BC, in Mesopotamia, the first alchemists were able to separate
elements in a liquid mixture via the boiling process. It has been and still is one
of the most common methods for cooking food. Its consistency with regard
to saturation temperature and pressure allowed Fahrenheit to define his
temperature scale in 1724. It had a fundamental influence on the development
and impact of the industrial revolution of which the backbone was the steam
engine. Currently and in the future it will play an important role in the
heat exchange processes ranging from microelectronics thermal management,
power generation, refrigeration to smart and small heat exchangers in space

applications.

Even though it has had a great influence in the development of human

technology and life in general, boiling as a science only commenced close to



INTRODUCTION

the beginning of the last century. From the first boiling curves produced
by Nukiyama (1934), to the parabolic flights and space gravity experiments
of Lee and Merte (1996) and Di Marco and Grassi (2009), the Science of
Boiling has and will continue to develop until the phenomenon is completely

understood.

As technology has developed so has the sophistication the studies of
boiling. Starting from the early simplified theoretical studies in the early
to mid 1900s and passing through the wave of experimental work during
the space race of the 1960s and on to the full numerical simulations of the
present day, many studies have been performed which attempt to understand
the boiling process and define theories and mathematical models to predict
its performance. Even after one hundred years of study, global theories and
robust empirical formulations seem to be elusive. This is largely due to
the lack of a complete understanding of the fundamental physics of bubble
dynamics, flow and heat transfer at these small time and length scales. This
is complicated by the fact that bubble dynamics are sensitive to a vast array
of interdependent parameters which makes exhaustive experimentation and

exact numerical simulations difficult to achieve.

Due to its complexity, it has often been necessary to study a single aspect
of the phenomena by limiting the number of variables, thus isolating as
few parameters as possible. With regard to bubble growth dynamics, the
adiabatic case facilitates a situation whereby the heat and mass transfer at
the heat transfer surface as well as at the bubble interface are not present.
This ostensibly separates the mechanical effects from the thermal ones and
has been the focus of much work in the open literature. The primary
motivation being to gain fundamental knowledge of the bubble dynamics

which forms the firm stepping stone for progressing to more complex boiling
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scenarios. This forms the basis for the motivation of the present work which
is to gain clear insight into the influence that the force field, within which
bubbles are forming, has on its growth dynamics. In the present investigation

both gravitational field and electric field effects have been scrutinized.

This investigation studies the fundamental nature of adiabatic bubble
growth and departure for air injected from a submerged orifice into an
otherwise stagnant liquid. A very novel aspect of this study is that high speed
photography and purpose built imaging and analysis software were used to
determine the local curvature of the bubble over its entire surface so that the
Young-Laplace equation could be implemented to allow the estimation of the
net pressure difference acting locally at the bubble interface. Combining the
local curvature measurements with the gas pressure measurement facilitated,
for the first time, the estimation of the net liquid pressure acting locally on

the bubble at a given instant in time.

Using the same approach it has been possible to analyse two different
phenomena regarding the quasi-static evolution of a gas bubbles within a
quiescent fluid. The first deals with the action of the dynamic pressure
field around a bubble growing in water at different growth rates and orifice
diameters. The second involves the evolution of the electrically induced
stresses acting on bubbles growing within a dielectric fluid under the influence
of a high voltage electric field. To the author’s knowledge this is a unique
experimental approach and previous works in this area relied on numerical
approaches which were on for the most part unvalidated. Regarding this
last point, an attempt has been made to simulate the bubble growth
numerically. The primary goal is to develop and rigorously validate the
numerical simulations against the benchmark experimental data provided

by the experiments in water. To this end, the commercial software package
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TransAT has been utilized. Once the simulations were adequately validated,
the numerical platform was used to study some aspects of the influence of

gravity level on bubble growth dynamics.



CHAPTER 1

LITERATURE REVIEW

This section presents a review of gas injected bubble growth and departure.
It will focus on the more prominent and influential works and will be
organized as follows: FEzperimental Bubble Formation, Bubble Departure
Models, Numerical Stmulations of Bubble Dynamics and EHD Effects on
Adiabatic Bubble Growth and Departure.

ot



LITERATURE REVIEW

1.1 Experimental Bubble Formation

Oguz and Prosperetti (1993)

Oguz and Prosperetti (1993) presented one of the most comprehensive
and seminal works on adiabatic gas bubble dynamics. This primarily
experimental work considered several aspects of the growth and departure
of bubbles growing from submerged needles. As will be discussed later, they
also proposed a computational procedure and compared the results with
experimental measurements in order to validate the model. Their study
focused on a wide range of injection flow rates in order to consider both

quasi-static and rapid growth.

Two strategies were adopted in their investigation, a simplified model,
where the bubble was considered as spherical, and a numerical simulation,
with a detailed study of the bubble shape and volume. This section will
detail the simplified mechanistic model, while the numerical procedure will

be explained in a later section.

In the approximate growth model the bubbles were assumed spherical
throughout their lifetime. An important scale for the bubble radius was the
value at which buoyancy and surface tensions were in balance, Rp, and its

relative volume V. For spherical bubbles these are represented as follows,

4
Fp = F, = pVrg = 21190 with Vp = gwR‘} (1.1)

where 7 is the needle radius. Substituting the value of Vz in the force balance

equation one obtains;
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: 30T°>1/3 (1.2)

—rRg =2 = Rp=|=-—
p37r =g Troo F (2/)19

The bubble growth was considered to be subject to just buoyancy and
hydrodynamic influences whilst viscous drag was considered negligible. With

these simplifications the momentum balance simplified to;

% <%P1Vbi> AL (1.3)
where the surface tension term at the needle tip was neglected since it
was assumed to have an important role just at the very beginning of the
bubble growth and was unimportant for most of the lifetime of the bubble.
To account for the motion of the surrounding liquid, an added mass was
considered. For the added mass coefficient, Davison et al. (1960) used 11/16
to account, in an approximate way, for the presence of a wall tangent to
the growing bubble. In their work they assumed that the needle was much
longer than the bubble radius and therefore a value of 1/2 was retained as
more appropriate. With the initial conditions z(0) = 0 and V;(0) = 0 Eq.1.2

gives;

S %gﬁ (1.4)

Considering the time evolution of the radius of a spherical bubble;

R(t) = <§Qt>1/3 (1.5)

47

and calling ¢ the time at which the centre of gravity of the bubble has grown
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to an amount equal to its radius, this is equal to:

6Q>1/3

. (1.6)

e (--)1/3: SoP = i= (

The radius and the vertical position at are thus equal to;

i 9 N 1/5

A major difference in the growth behaviour was expected to depend on
whether R was reached before or after Rp. For small flow rates the bubble
detaches when Rp ~ R . On the other hand, for high flow rates, the radius
of detachment is proportional to @%/°. The threshold value of the gas flow
rate at which R = Rp is given by;

= g0 Yie 3org Ll 16 oro ¢
-y eb D RS o R R e 1.8
:<897r2> <2ng e p iES)

Such an analysis was used to differentiate quasi-static bubble growth from

o=

a dynamic bubble growth regime. For flow rates where ) < @), , the bubble
was expected to grow quasi-statically and detach with a volume close to V.
On the other hand, for Q > Q.. , the faster growing bubbles expected to
detach with a volume proportional to Q°%/°.

Based purely on observation, bubble detachment was considered to occur
when the position of the centre of gravity was approximately one needle

radius larger than its radius;

2(t) = R(t) + o (1.9)

Since, for small flow rates, this condition was reached in the early stage
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of the growth process, when the buoyancy effect was not sufficiently large
to overcome the surface tension, a surface tension term was added in the
calculation just when the position of the centre of gravity was higher than

that of the equivalent radius of the bubble,

—271roo (1.10)

From the results, Oguz and Prosperetti determined how, for flow rates
higher than the critical value, @ > @, surface tension had a negligible effect
on the detachment process and z reached the value of R+ rg when the radius
of the bubble was already greater than Rr. However, for slow flow rates, the
motion of the centre of gravity became oscillatory due to the alternate action
of the surface tension force in the direction opposing gravity.

Comparing the results obtained from the simple method with the
predicted ones they found that the spherical bubble approximation was not
particularly representative of reality for the slow-growth regime where the
lack of inertial influences, which tend to promote spherocity, results in an

interplay between surface tension and gravity which deform the bubble.

Gaddis and Vogelpohl (1986)

Gaddis and Vogelpohl (1986) proposed a simple model for bubble formation
in quiescent liquids under constant injection flow condition. The prediction
of the detachment volume was obtained by releasing the constraints of a
spherical bubble shape and including a cylindrical neck. The model proposes

two different approaches:

e In the first, the equation of motion was applied to the neck at the

moment of detachment and then, with the help of a few assumptions,
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simplified equations were obtained, which were later solved analytically.

e In the second approach, the total volume of the bubble just before
detachment was calculated as the sum of the volume of the bubble
at the end of detachment stage and the volume of gas in the neck
during detachment, where the volume of the bubble at the end of the

detachment stage was determinate by a force balance.

Since the second approach involves a number of errors including the
correct neck volume, the first approach is generally used in the investigation
of the dynamics of bubble formation.

For the force balance several simplifications were introduced. As with
Oguz and Prosperetti (1993), they considered bubbles growing with a
spherical shape, considering them completely submerged in the liquid phase.
On the contrary, the presence of a surface tension term component was
considered with no restriction on the position of the centre of gravity.
Moreover, the consideration of a difference of pressure between the bubble
and the liquid resulted in an upward force proportional to the overpressure
and to the contact area of the bubble. Further, terms were introduced to take
into account the inertia effects, depending on the acceleration of the bubble,
and drag and momentum forces.

Balancing these forces gives;

Bk Bloois = B 4 By - F (1.11)

where on the LHS Fjp is the buoyancy component, F;, , the gas momentum
force, F}, is the force due to the bubble overpressure while on the RHS, F, is

the surface tension action, Fy. the drag effect and F; the inertia force. The

10
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forces are defined as;

w i T
F, = EdB (o1 — pg) Fp = ng (0 —p1) Frng= Zdtz)png
2
Fyr = %dQCDpl% Fy = (pgVs — piVp) @ Fy = mdoo

where Cp and w are the drag coefficient and the bubble rise velocity
respectively.

From their results they determined that a ratio existed between the
maximum neck length and the bubble’s diameter, hje/d = 0.25, and
also between the displacement of the centre of gravity and the diameter,
2/d = 0.75. Comparison between theoretical predictions and experimental
measurements made by a large number of investigators has shown that the
model is valid over a wide range of viscosity and gas flow rates, and hence

seems to be relatively reliable.

Buyevich and Webbon (1996)

Buyevich and Webbon (1996) have discussed the effect of gravity on bubble
growth and detachment with a two stage bubble formation model tested both
for terrestrial and reduced gravity. At normal gravity and at relatively low
gas flow rates, the bubble is modelled as a spherical segment and the bubble
foot remains fixed to the orifice rim during its entire life (Fig.1.1a). If the
growth rate exceeded a threshold value, a second stage of detachment was
introduced. Similar to Gaddis and Vogelpohl (1986), in this second stage a
nearly cylindrical stem forms at the orifice and below the bubble dome that

lengthens as the bubble rises above the surface (Fig.1.1b). This second stage

dig
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always develops when gravity is sufficiently low, irrespective of the gas flow
rate. At high gas flow rates the bubble shape resembles that of a mushroom,
and its upper dome continues to grow until the gas supplied through the

stem is completely cut off. In order to predict the motion of the bubble

'
7777777777 7777777777
zro ——

a) b)

Figure 1.1: Schematic of bubble growth in (a) expansion and (b) detachment
stages, Buyevich (1996).

an equation based on the Newtons second law was derived by equating the
sum of the forces acting on the bubble to the rate of change for the upward
momentum of a bubble of varying volume V;

d {k(()) dz

Sl R 1.12
T e dt] + Hpek (1.12)

where the LHS is the inertia effect of the liquid, with k() defining an effective
virtual mass coefficient defined in such a way as to equal unity for a sphere
(8 = m). On the RHS, F,, F; and F, where respectively: the force due to
the normal stress in the liquid, the force due to of momentum transfer to the

bubble and the contact force. These can be written formally as;

12
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0
B, = —27rR2/ p(6) cos O sin 8db (1.13)
0
2 L. g
Fy =7rg (pg + 5P ) (1.14)
F.= —2nrgosiné (1.15)

Here, 7y is the orifice radius, p, the gas density, p, the uniform pressure inside
the bubble, p is approximated as the sum of hydrostatic pressure far away
from the bubble and a dynamic pressure contribution due to the bubble’s
expansion, ¢ is the angular coordinate and u the gas velocity at the orifice.
Two cases of bubble growth were considered. In one case the flow rate from
the orifice was considered as constant, while in the second the pressure inside

the chamber below the orifice was held constant.

The simulations from their model showed that the duration of bubble
expansion in normal gravity conditions slightly decrease with the gas flow
rate whereas, the final bubble volume is roughly proportional to it. However,
at sufficiently low gravity, the bubble formation frequency is proportional to
gas flow rate whereas the bubble detachment volume does not depend on
it. Their results also show how the bubble volume continuously increases at
low gravity conditions with a slow lengthening of the neck. In the case of
the constant pressure condition, the authors have reported a different kind
of mechanism of bubble formation with modifications in the dependencies of

bubble size on orifice radius and gas density.

13
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Duhar and Colin (2006)

More recently, Duhar and Colin (2006) experimentally investigated
quasi-static injection of air bubbles into silicon oil both with and without
a viscous shear flow. Using high-speed videography and detailed image
processing, they determined the bubble radius and centre of gravity
throughout the bubble growth period. Using the experimental results they
validated a force balance model during the bubble life time. Their study
corresponded with the quasi-static regime as the gas injection rates adopted

were lower than the critical value suggested by Oguz and Prosperetti (1993).

In this investigation it was noticed that the radius at detachment, Rj.,
increases with the gas flow rate and decreases with the shear rate while the
formation frequency increases with the gas flow rate and with the shear rate.
In their experiments they considered the bubble as perfectly spherical and

the resulting force balance was given by;

4
§7rR3pgg +F.— / (i — pgz) ndS — / pondS + / nnds = {116/
s A s

where the first term is the bubble weight, F. is the capillary force, p; the
pressure in the liquid, 7; is the deviatoric stress tensor due to viscous effects,
pg is the pressure inside the bubble, S the bubble surface exposed to liquid
flow, and A the surface of the bubble foot in contact with the orifice of radius,
ro. Also, R, is the bubble equivalent radius based on the gas volume limited
by A and S. Expressing the third and the forth terms in terms of a reference

pressure, p., in the liquid at the wall, expression were defined for the various

14
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forces, in particular; a buoyancy forces component given by;

4
Fp = (Pg‘ﬂl)gWng (1.17)

and a contact pressure term defined as;

2
20Ty

R

Fcp ~ (118)

In their analysis they considered both the growth in a quiescent liquid
and in a shear flow. For the first case the force balance was written only for

the vertical direction;

Fg —2mor,sinf + Fop — 4w Rupk, = 0 (1.19)

The second term is the capillary action while the last is the drag effect. From
the image processing the value of the bubble radius and the velocity of the
centre of gravity were calculated in order to solve the equation in terms of
the contact angle, 6, at the bubble foot. These values were compared with
those experimentally obtained from image processing and showed adequate

agreement.

Possibly for the first time, the authors noted that the radius at
detachment increased with the gas flow rate and decreases with the shear rate.
The formation frequency, however, increased with both the gas flow rate and
with the shear rate. The comparison of the calculated contact angle showed
good agreement with the experimental results since the spherical shape
assumption was approximately valid for these circumstances. Moreover, their

study provided information regarding the evolution of the forces acting on

15
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the bubble. These were plotted with respect to the time and provided a base

knowledge of the force evolutions around the bubble during its lifetime.

16
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1.2 Bubble Departure Models

Bubble departure is another fundamental aspect of crucial importance in
single bubble events, in particular for nucleate boiling. The diameter at
which a bubble departs from a surface during this process is generally thought
to depend on buoyancy and inertia forces, aiding the detachment of the
bubble from the surface, and surface tension and hydrodynamic forces which
tend to resist departure. Furthermore, the shape of the bubble may deviate
significantly from the idealized spherical shape. While bubbles growing
quasi-statically tend to be more spherical, rapidly growing bubbles can be

deformed significantly due to the interaction with the surrounding liquid.

1.2.1 Quasi-Static Bubble Formation and Departure

Perhaps the most uncomplicated case to analyse is that of a large, slowly
growing bubble on a flat surface facing upward, for which the hydrodynamic
and inertia forces are negligible. It is generally accepted that bubble
departure occurs when the buoyancy force, acting to lift the bubble,
overcomes the surface tension force trying to hold it back. The surface
tension force also depends on the contact angle whereby a contact angle
approaching 90° increases the surface tension force and hence the bubble

departure diameter.

4
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Fritz (1935)

The first model of bubble detachment was introduced by Fritz (1935). The
Fritz equation, utilizing the contact angle, 8, and surface tension, o, gives
the bubble departure diameter as the diameter that satisfies the condition

whereby the buoyancy force is exactly balanced by the capillary force;

)
6

(p1 — pg) g = mDyo sin 6 (1.20)

where;

D=k —= (1.21)

Here, it is supposed that the diameter of the bubble base is proportional to

the equivalent diameter of the bubble

DO = CDeq (122)
Then, by substituting 1.22 into 1.20 one obtains;

D;
7'] (o1 — pg) g = Cosinbp (1.23)

which results in the definition of the detachment diameter;

a a
o G UG ) S 1.24
i \ 9 (o — pg) el o) 5 i

where, C' is taken as 0.0208 and 6 is in degrees.

18
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Chesters (1977)

A similar method to predict the value of the bubble diameter at detachment
was proposed by Chesters (1997). Using the same physical condition as Fritz
(1935), he showed that for small values of the shape factor, defined as,

a

where R is the bubble radius at the apex.

Bubble detachment takes place when,

o e el Y (1.26)
(1 = pg) g

where Dr is the so called Tate’s diameter, Tate (1864). The correction factor,

k < 1, was added to account for the overpressure inside the bubble.

1.2.2 Dynamic Bubble Formation and Departure

While quasi-static detachment of a bubble has been treated with some
relative success, the case of detachment in dynamic conditions is somewhat
open and a definitive detachment criterion has yet to be identified. Although
the prevailing theories approach the problem as a competition between
attaching forces and detaching ones, the force balance is complicated by
new components due to the inertia of the gas and the hydrodynamics of the

surrounding liquid, Di Marco (2008).
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Bubble

Figure 1.2: Geometry of the growing bubble, Kiper (1970).

Kiper (1970)

Kiper (1971) described a method for determining the minimum bubble
departure diameter in saturated nucleate pool boiling, proposing that the
minimum departure size varies with Jakob number only. In his work, the
bubble is considered to be of spherical form ending in a small neck which
connects the bubble to the heated surface. He neglected both the drag force
and the vapour inertia force, though he considered the inertia of the fluid.
As with the previous models, detachment occurred when the force balance

equation is satisfied with the forces acting on the bubble being defined as:

The buoyancy force,

Pl ng D? (1.27)
6 9¢
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where g is a conversion constant, considering the contact area is small with
respect to the bubble and that the overpressure effect is negligible;.
The capillary force was defined as;

Fo = —omDgcosy (1.28)

Furthermore, if the geometry of the neck is known then the term Dy cos

can be expressed as;

Fo = —onG(a)D (1.29)

where G(a) is related to geometry of the bubble neck.

The liquid inertia force was defined as;

11 mpy 4
by e L0 130
e (1.30
where ¢ is the bubble growth parameter and is given by D = ¢ - t!/2
The pressure restraining force was defined as;
o Pl _4
Fr=—-0.0181r—¢ (1.31)

9¢
This force is due to the specific pressure distribution on the bubble surface
which tends to flatten the bubble and hold it against the wall.
The force balance can then be rewritten as;

Fp+F, =F.+Fg (1.32)

This can be recast as;
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aD3+bDs+c=0 (1.33)

where

1 S
i ggu b= ldle); < e=Diolas ke (1.34)
9¢ 9¢

The equation has several solutions though just one was found to predict

the experimental result which was;
Do =21Ju (1.35)

where Ja is the Jakob number.

Gaddis and Vogelpohl (1986)

Gaddis and Vogelpohl (1986) developed an uncomplicated expression to
predict the bubble detachment diameter in quiescent liquids under constant
volumetric gas flow rate conditions. They took into account not only the
buoyancy, surface tension and inertia effects, but also the effect of the drag
force, Fy,, and the gas momentum, F,,, as well. The force balance to predict

the bubble detachment was given by;

Fg+ Fpn=F,+Fy +F, (1.36)

From this it is possible to obtain a generic expression for the bubble

diameter, d;

i
3 = —_ —
=l (1.37)
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with

e 6doo (4 — We) i 81nV
4Apg TApg
72 2
T_ 135 | 27p, o) We — 16p,V/
472~ w2p ) Apg wed; o

where We is the Weber number. Three different conditions can be applied

to control the detachment diameter to yield a generalized equation of D,

’ 1/4
6doa\® /81 135Q2\ */°
DT 4 ST Pl (1.38)
Py g 4m2g

At the transition to the jetting regime, drag and the inertial force due

as;

to liquid acceleration differ greatly compared with those calculated by the
formulas above. This being the case, the above equation can be considered
valid only up to the point of the transition to the jetting regime. A jet
is formed only when the force due to gas momentum exceeds the surface
tension force, F,, > F,, and surface tension is not capable of forming the
spherical or quasi-spherical bubble. This occurs at a critical Weber number
which is approximately equal to 4, and thus the force balance changes to

Fn+F,=F,.

Zeng (1993)

Zeng et al. (1993) proposed a somewhat different model considering the
bubble to be subject to just the buoyancy and liquid inertia effects neglecting

the surface tension term, which was included in almost all of the previous
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theories. Under these circumstance the detaching condition occurs when;
FB+quy =0 (139)
where the first term is the buoyancy effect which is equal to;

Fp=Vi(m—pg)g (1.40)

The second term is the unsteady growth force in the vertical direction. The
author modelled this force by considering a hemispherical bubble expanding
in an inviscid liquid. An empirical constant, C', was introduced to account

for the presence of a wall;

3
quy = pﬂTT‘z ("2‘07"2 + TT) (141)

The value of C' was determined experimentally and it values was C' =
20/3. The evaluation of the velocity and acceleration stemmed from
knowledge of the bubble growth rate r(t). In general this follows a power

law;

r(t) = Kt (1.42)

where K and n where determined empirically. The unsteady growth force

can then be defined as;

3
B, = —prK §Cn2 +n(n — 1)| r4-@/m (1.43)

By the balancing of the buoyancy and unsteady growth forces the value

of the detachment diameter was obtained;
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Kz/” n/(2—n)
Dy =2 {% EC’H2 + n(n — 1)] } (1.44)

From this equation is it possible to see that for gravity tending to zero
the bubbles will not depart from the heating surface unless there is some
external mechanism to induce detachment. Experiments made in reduced
gravity tend to support this analysis. However, this model requires a priori
knowledge of the growth characteristic as an input parameter which limits

its utility.

Buyevich at al. (1995)

Buyevich and Webbon (1996) developed a model for bubble formation at a
submerged orifice under normal and reduced gravity. Their study showed
how in these different scenarios the bubble is subjected to a completely new
set of forces. They found that there are two major factors that determine the
moment of bubble detachment: the buoyancy force and a force due to the
momentum flowing into the bubble from the injected gas. The buoyancy force
dominates the process at normal gravity whereas the inflowing momentum
force plays a key role under negligible gravity conditions. In microgravity,
the force due to the injection of gas into the bubble is the only force which
pushes the bubble upward and the momentum arising out of it is small and
compensated by the inertial forces arising from the increasing bubble volume.

During the detachment stage the inertia force caused by the bubble
expansion was neglected. Moreover, for small contact perimeters, both the
capillary effect and contact pressure effect were ignored. The inertia effect of
the liquid was thus the only force which opposed of the bubble detachment.
The bubble is thus pushed away from the orifice by the buoyancy force effect

and the upward force due to the initial momentum of the injected gas being
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forced into the bubble. A balance of these forces gives;

Pld

g
= ~mrapgu’ (1.45)

dz
[k(ﬂ = 5)thjl Vg + 5

where k is a coefficient which is introduced in order to take into account the
wall effect. This was found to be equal to k¥ = 11/8 when 6 = 7 — 0§ < 7.
For constant flow rate, when the flow rate is equal to @ = nr2u, Eq.1.45 can

be written as;

11d f dz V@
— | =gt :
16 dt (t dt) e 2nre 840

where v = p,/p; is the density ratio. With the initial condition of z = 0 at
t = 0, is it possible to predict the evolution of the distance of the centre of

gravity with respect to time;

4 8 k@
= 11g ? + ﬁ_t (1.47)

Bubble growth stops when the value of z equals the bubble radius such

R(t) = (3 Qt) (1.48)

that;

4 7

The solution of Eq.1.47 and 1.48 gives the value of the detachment time tg.,

when both 2z and R have the same value. The detachment diameter is thus

given by;
8 16 k@
Dae t; tae 1.4
det = Hgdet-i-ll ngt (1.49)
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Detachment Models Comparison

Tablel.1 summarizes the different formulations of the detachment diameters
considered thus far and represents a cross section of the work which exists in

the open literature.

Integrators Detachment Diameter
Fritz (1935) D = Coo, [ 75
Kiper (1970) Dyt =2.7Ja |
y et 6Doo. . 1,
Chesters (1977) i — k\s/m = kDrp
4/3 TR
: doo 8lu 135
Gaddis (1986) | Due = RG”_9> + () 4 (L2 w
3K/ (3, 2 T
Zeng (1992) Bger =2 {ZT [3Cn? +n(n — 1)}}
Buyevich (1996) i S % gtiet + %,%%tdet

Table 1.1: Bubble detachment models
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1.3 Numerical Analysis

The mechanics and dynamics of fluids are governed by a set of equations
that define the conservation of mass, momentum and energy. From these
equations it is possible to define the Navier-Stokes equations which describe
the motion of fluid substances. These equations are nonlinear partial
differential equations for which exact solution exist for only very simple
scenarios. For most scenarios no analytic solution exists. The evolution
of a bubble is not one that cannot be solved analytically. Even when one
describes the evolution of the bubble interface under quasi-static conditions,
the system of differential equations is still impossible to solve. As a result,
numerical approximations have been developed to simulate the bubble growth
dynamics. Even though the solutions are an approximation of reality,
with valid simplifying assumptions and accurate numerical techniques, a
numerical simulation can give useful results. Also, such calculations allow the
investigator to study parameters which are difficult to study experimentally,

such as microgravity.

In the next section some examples of numerical approaches are discussed.
Tsuge (1990), Prosperetti (1993) and Gerlach (2005) attempted to predict
the evolution of the bubble by focussing on the gas/liquid interface; where the
flow field around the bubble was not solved. On the contrary, Quann (2008)
and Das and Das (2009) recently performed CFD simulations which solved
the entire fluid domain and implemented interface tracking techniques. The
interface of the bubble could thus move through the computational domain

and the governing equations were solved for both fluid and gas phases.

28



LITERATURE REVIEW

Tsuge et al. (1990)

Tsuge et al. (1997) proposed a non-spherical model that described the shape
of the bubble for bubble injection from an orifice. In their model, the
gas-liquid interface of the bubble was viewed as a continuous curve. This
was divided into a number of two-dimensional axisymmetric elements which
were characterized by two principal radii of curvature R; and R, (Fig.1.3).
R; is the radius of the circle which has the centre at O and passes trough
the elements j — 1,j and j + 1. The other radius, R,, is the distance from

the bubbles symmetrical axis to the element j trough the point O.

0

Figure 1.3: Schematic diagram of non spherical bubble formation model, Tsuge
(1990).
An equivalent radius was introduced in the form;
1 e | 1
— i NLmiplu T 1.50
oA <R1 Rg) ( )
This radius takes in to account the curvature of the bubble and was

used only for the calculation of the surface tension, while for the other
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calculations such as the bubble volume, the value of R was used. The bubble
was considered axisymmetric with respect the vertical axis and completely

isolated.

On a generic element j, the bubble was considered as a section of a sphere
with radius equal to R;. The expansion of the gas-liquid-gas was defined by
the modified Rayleigh equation;

BR Sl dRN? 9z 4udR
pb_ph:Pl[R—+‘( > A
L

7 & Rt (1.51)

A

where py, is the hydrostatic pressure term at the element j and the three terms
on the RHS represent inertial, surface tension and the normal component of
the viscous forces respectively. The equation of a rising bubble is described

by a balance between inertia, buoyancy, drag and momentum such that;

d dz 1 dz\’> AL
7 g B R e ol s R 1.52
dt( dt) (o1 = pg) Vog 8CDPl<dt) G2 (1.52)

The initial bubble shape was considered to be hemispherical, with a radius
equal to the orifice radius ry and the fluid around the interface was considered
quiescent. The bubble pressure was presumed equal at the hydrostatic
pressure acting on the flat plate plus the surface tension term 20 /7.

The element j = 1 was constrained to move just along the vertical
axis of symmetry, while the one j = N was stationary. At every step,
At, a finite-difference procedure calculated the change of the pressure in
the bubble, the radial displacement of each element with its velocity and
acceleration. Furthermore, the bubble volume was obtained by integrating
the coordinates of all the elements. This procedure was repeated several

times until detachment of the bubble. Since with growth of the bubble the
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total length of the interface increases, additional elements were introduced

in order to better simulate the bubble shape.

The influence of viscosity was also investigated and it was found that the
bubble formation time was much longer in highly viscous liquids than in low
viscosity liquids, so that the bubble volumes were much larger. The bubble
volume, shape and pressure of the internal gas chamber calculated by this
model were compared with experimental results for a wide range of viscosity

showing good agreement.

Oguz and Prosperetti (1993)

In Oguz and Prosperetti (1993) the first principal assumption was related
to the flow field around the bubble. This can be viewed as a vector field,
u = f(7,t), where T is the position vector and f a general function. If
the fluid flow is assumed to be irrotational, a velocity potential Q = (7, t)

exists. () is a scalar field whose gradients are related to the velocity field,;

= VO withy W@ =0 (1.58)

Starting from the Young-Laplace equation, they used Bernoulli’s equation
p+pv?/2+ pgh = const to express p;, developing the following expression for

the rate of change of the potential of a fluid particle on the bubble surface;

gt ol

—+§|VQ|2+%19+gT—pb—_pi°

- (1.54)

where T is the position vector and p, is the pressure at the needle tip under

stagnant conditions. Imposing the normal velocity on the surface of the
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needle in contact with the liquid to be null;
n-Nil=0 (1.55)

the authors created a mixed boundary layer problem constituting the Laplace
equation with Dirichlet (Eq.1.54) and Neuman (Eq.1.55) boundary conditions
imposed on the previous equations. The system was solved numerically by a

boundary integral method.

Once the potential vector field was defined the position of the interface
was calculated by integrating with respect to time;
dx
— =VQ(z,t 1.56
= VR(.1) (1.56)
for each surface particle.

On the bubble surface the potential was determined from the time
integration of Eq.1.56, and differentiation along the surface gave the
tangential component of the liquid velocity. The normal component of the
bubble surface was given by the use of the Greens identity function and the

volume growth rate was obtained by the integral;

sz/s Q,rds (1.57)

where Sp is the bubble surface, €2, defines the normal derivate of the potential
respect the normal of the surface and ds is the surface coordinate. The
computational procedure was validated by comparison with experimental
results. The simulation was set in order to reproduce as much as possible the
experimental test conditions. The agreement of the computed and observed

bubble shapes was remarkably good. Simulations were performed for both
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stagnant liquid and liquid with an imposed flow. For the second case, an
upward flow parallel to the needle where the bubble is growing resulted in a

premature detachment of the bubble.

Gerlach et al. (2005)

Gerlach et al. (2005) studied the influence of the Young contact angle by
considering two modes of growth. In the first the bubble base remains
attached to the orifice rim and in the second spreading of the bubble base on
the horizontal surface is allowed. The two modes where called, respectively,

A and B (Fig.1.4).

Mode B

Figure 1.4: Development of the bubble shape for Mode A and B, Gerlach et al
(2005).

The influence of the wettability of the solid surface was thus investigated.
This effect is defined by the Young contact angle, v/, which is the equilibrium
angle formed at the contact line of three phases on a horizontal and perfectly
smooth surface.

Mode A was not affected by the value of ¢/, and the bubble foot remained

attached to the orifice rim. On the contrary, in mode B, the contact perimeter
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could spread if the instantaneous contact angle exceeded the Young contact
angle. As long as the contact angle remained below v, the growth followed

the conditions of mode A.

The simulation deals with a quasi-static bubble injection from a
submerged horizontal orifice. The profile of the bubble was described by
the Laplace equation and the equilibrium surface, pressure and gravitational
forces acting on the bubble surface. The bubble interface was described by

the expression (which will be discussed in the next Chapter),

g// 'y—/ = 2 i
A+ za+7" B )

upon which substituting,
/

Y
YT G A e

gives two first order ordinary differential equations,

%=—%+2<%—y) (1.60)
1 w
) (1.61)

These could be integrated with the initial condition: ¥y = 0 and w = 0
at x = 0. The set of equations were solved by employing a fourth-order
Runge-Kutta scheme and, for a given orifice radius ry, a sequence of bubble
shapes were found by varying the parameter R,. Furthermore, at the
beginning of growth, the gas/liquid interface was assumed flat at the orifice
mouth, such that Ry — oo and the height of the apex being zero. Ry was
decreased in small steps and the computations searched for a new bubble

shape with a slightly increased volume and height.
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The increase of the bubble volume from step to step was restricted to
a small value since more than one solution existed if ry and Ry were fixed.
In order to avoid a jump in the bubble volume, V', in the apex radius Ry
and the bubble height, the computations only allowed changes of V' and Ry
to be extremely small. Following this procedure, the computations resulted
in a sequence of bubble characteristics, which describe the stable stages of a
bubble formation at an underwater orifice. The method was continued as long
as no further solution could be found. At this final stage any perturbation
leads inevitably to the release of the bubble.

The simulations were in good agreement with the results observed
experimentally, for both modes of growth. The mode A formation was found
to be dependent only on the non-dimensional orifice radius, 7 = r/a where a
is the Laplace constant, while the maximum bubble size of mode B formation
was influenced by the Young contact angle. Moreover, the study confirmed
the strong influence of the plate material where the bubble was growing with
the observation of large difference in the two modes of formation for the same

orifice radius.

Quann and Hua (2008)

Quan and Hua (2008) describe the dynamics of bubble growth and pinch-off
by the integration of the full Navier-Stokes equations for both gas and liquid
phases. The equations were solved with a finite-volume method based on the
SIMPLE scheme coupled with a front tracking method to locate the interface
between the two phases. The two fluids were assumed to be immiscibe
and incompressible and the problem was assumed to be axisymmetric as tle
bubble grows at a very slow rates (about 10 s for release of one bubble) to

minimize any inertial effects so that the problem was buoyancy dominated.
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The initial flow fields for both liquid and gas phases were assumed to be
quiescent. The initial position of the gas-liquid interface was assumed flat at
the capillary nozzle outlet. A no-slip boundary condition was applied to the
outer walls.

Both the conservation of mass and momentum were solved for the entire
computational domain. Both the equations were made non-dimensional and
the numerical method solved one set by treating the two phases as one fluid
with variable material properties. A uniform mesh grid of 360x90 was used to
discretize the simulation domain for the axisymmetric model and the radius
of the nozzle outlet was resolved with 30 grid points.

The authors intention was to analyse the effect of liquid viscosity, surface
tension and gas density on the bubble growth and pinch-off. Although these
effects were always coupled in the experiment, in their simulations they were
investigated separately in order to describe their influence. Their simulations
showed how the bubble pinch-off depended on both the viscosity and surface
tension coefficient. Higher values of these coefficients tend to retard the
necking process, and thus create a larger bubble. Moreover, it was found that

the density of the gas phase plays a minimal role on the bubble breakup.

Buwa et al. (2007)

Buwa et al. (2007), numerically investigated bubble formation from a
submerged orifice for relatively high flow rates. The influence of inertia
was included in their model with the intent of analysing the influence of
the flow rate on the interaction of the detached bubble on the subsequent
one. In particular, by combining the level set method with the volume of
fluid method for interface tracking (LSVOF), they analysed the transition

from single isolated bubble formation to the interacting bubble regimes. The
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first, defined as the PERIOD-1 bubbling regime, occurred for lower gas flow
rate and was characterized by a periodic formation of single bubbles. Upon
increasing the flow rate two distinct bubble formation periods that repeat
regularly were observed and their interaction could result in coalescence
between two bubbles before the separation from the orifice signifying the
PERIOD-2 bubbling regime.

The influence of the orifice diameter was also studied. From their analysis
it was observed that bubbles growing from a larger orifices created a strong
vortex which could influence the succeeding bubble passing from PERIOD-1
to PERIOD-2. The results were compared with experimental measurements
and satisfactory agreement was obtained for larger orifices, while for smaller

orifices the formation periods were over predicted.

Das and Das (2009)

Das and Das (2009), simulated the evolution of a bubble in a liquid pool using
the smoothed particle hydrodynamic method (SPH). With this approach the
fluid domain is not described by a computational grid, but as a set of discrete
elements. The particles, which can be imagined as the fluid molecules, have
coordinates which move with the fluid (i.e. a mesh-free Lagrangian method).

The initial distribution of the particles is generally uniform around the
fluid domain, and the particles present no interconnectivity between them.
Unlike the previous numerical method, where the value of a variable in a
computational element depends on its neighbours, in the SPH method the
relevant physical quantities associated with the particle are calculated by
considering only the surrounding particles within a specific distance, h, from
the particle of interest, see Fig.1.5.

Each particle has so spatial distance over which their properties are
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smoothed by a kernel function. The contribution of the particles within
the kernel range, the grey area of Fig.1.5, depends to their distance from
central particle. The model was adapted in order to include the interaction
between two immiscible fluids. A no penetration force along the interface

was integrated in order to avoid particle exchange between the two fluids

domains.
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Figure 1.5: Interested particle and its support domain.

The model demonstrated capability in predicting the bubble growth,
neck formation and pinch-off by comparing the numerical results with
experimental ones. Some parameters, such as the bubble departure diameter
or frequency were investigated with respect to the flow rate and good

agreement with previous experiments was observed.
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1.4 EHD Effects on Adiabatic Bubble

Growth and Departure

Pool boiling heat transfer can be influenced by a great number of factors.
Different studies have been performed in order to increase the amount of heat
exchange during the boiling process. The evolution of the vapour bubble is
one of the key parameter which affects the boiling heat transfer coefficient
and thus the performance associated with thermal systems and devices.

The influence of an external electric field on heat transfer was observed
near the beginning of last century by Chubb (1916). Experiments performed
during the ensuing years discovered a remarkable influence of the electric field
on the bubble evolution. In particular, the great part of the experimental
results converged to a common observation regarding the deformation of the
bubble. Within an electric field, bubbles were found to be elongated along
the parallel direction of the electric field which resulted in an increase of the
aspect ratio of the bubble, Chen et al. (2007), Dong et al. (2006).

The overall effect on the bubble growth parameters, such as the departure
time or the detachment volume, can be influenced by a great number of
factors. Kweon et al. (1998) investigated the effects of an electric field on
the evolution of a bubble by changing the electrode configuration. The
experiments showed that the electric field uniformity had an inportant
influence. In particular, in a non-uniform electric field, the bubble departure
volume was observed to decrease with the electric field strength, while for a
uniform electric field it remained nearly constant.

Cosentino et al. (2005) performed a series of experiments analysing the
influence of a uniform electric field on bubbles growing in two different

fluids. Even if the bubbles tended to be elongated in both of the cases, an
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earlier detachment was observed only for the liquid with the higher dielectric
permittivity. The bubble growing within the lower permittivity fluid tended
to be less influenced by the electric field strength and its detachment volume
did not undergo any remarkable increase or decrease. This is consistent with
the recent work of Siedel et al. (2010) who observed no notable change in
the departure volume for bubbles growing from an artificial nucleation site

in n-pentane; a liquid with a low dielectric permittivity.

The bubble growth dynamics depends strongly by the experimental test
conditions. The effect of the external electric field has indeed two principal
components: an increase of the bubble pressure and a generation of the
Maxwell stress applied to the bubble surface. Their combined effect influences
the bubble shape and depends strongly on the experimental conditions,
such as electrode configuration or fluid proprieties, Cattide et al. (2007).
Moreover, their overall effect can result in promoting, retarding or in fact

having very little effect on the detachment stage.

Experiments performed in microgravity have shown how, under certain
conditions, the electric field can completely replace the influence of gravity.
Di Marco et al. (2003) performed a set of tests analysing the influence
of the electric field on gas bubble growth and detachment under varying
gravity conditions. From their experiments a constant detachment volume

was observed for higher applied voltages regardless of the level of gravity.

Herman et al. (2002) performed similar experiments using a fluid with
similar characteristics but with a larger orifice than the one tested by Di
Marco et al. (2003). From their experiments, even if a high voltage electric
field managed to detach the bubble in microgravity, the bubble volume was
still ten times larger than the corresponding one at earth gravity. They

concluded that: the electric forces are not strong enough to substitute the
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buoyancy force.

As is evident from the above discussion the experimental test condition
plays a very important role on the evaluation of the experiment results
and have lead to some discrepancies and misunderstanding with regards to
the general influence of electric fields on the bubble growth and departure
dynamics.

Even though there have been investigations aimed at elucidating the
influence of the electric field on bubble growth and departure, the entire
phenomenon is still not completely understood, although significant progress
has been made. In order to progress this area of thermal fluid science it is
envisaged that in the short to mid term hybrid experimental and numerical
techniques, such as in Dong et al. (2006) and Chen et al. (2007), will be
implemented. In particular, Chen et al. (2007) were able to solve the electric
field distribution around one of their experimentally measured bubble profiles
and from that deduce the electrically induced pressure acting on the bubble
over the entire surface. In the longer term, full numerical simulations,
following on from the recent work of Zhang et al. (2010), seem like the

plausible route.
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CHAPTER 2

MATHEMATICAL MODELLING

2.1 Mass and Momentum Conservation

Roughly speaking, fluid dynamics is an area of study concerned with the
effects of forces generated within or on bounding regions of fluids. One
of the fundamental aspects of this discipline is the analysis of transport
phenomena. This involves mass, momentum and energy exchange between
a confined system and the surrounding space. In particular, the balance
equations evaluate the variation of a physical quantity in a control volume
within a time interval. Its general statement is that in a control volume, the
variation of any physical quantity depends on the incoming and outgoing flux

as well as on that generated or destroyed inside the control volume.
Variation = Input — Output + Generation — Consumption

In the present study, the two principal physical quantities which define the
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system’s motion and dynamics are the conservation of mass and momentum.
Conservation of mass balance simply states that the variation of mass in
a control volume (Fig.2.1a) equals the difference between the inlet and outlet

mass flow rates:

dM . ; :
E = Zmi iy mlm - mlout (21)

In differential from, the generalized form of conservation of mass, for an

unsteady compressible fluid is;

dp e
—a‘t‘ +V- (,OV) =0 (2'2)

For an incompressible fluid the relation simplifies to;
V:-(ov)=0 (2:3)

The momentum balance, on the other hand, is a generalization of
Newton’s Second Law (F = ma): in a finite volume, the variation of the
momentum is related to the overall effect of the forces that act on the volume

and the difference between the incoming and outgoing momentum (Fig.2.1b):

dMv : :
7 = Vm|m == V7n|out + ;Fn (24)

The forces acting on the control volume can be classified in two different

groups: body forces and surface forces:

Z e Z I Z Fs (2.5)
n ) k

The body forces, Fy ;, act throughout the volume of a body (e.g. gravity

or centrifugal) the surface forces, Y, Fgy, act across internal or external
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surfaces which defines the control volume (e.g. normal pressure or shear

stresses).

The effect of the surface forces on the control volume can be represented
by the terms Vp and V-T . The first term is the pressure gradient and arises
from the isotropic part of the stress tensor. This part is given by normal
stresses that appear in almost all situations, dynamic or otherwise. The
anisotropic part of the stress tensor gives rise to V - T, which conventionally
describes viscous forces. Thus, T is the deviatoric stress tensor, and the

stress tensor can be cast as:

§=—-pl+T (2.6)

where I is the 3x3 identity matrix. ~Combining the equation for each

component the momentum conservation can be expressed as;

Dv =
i 1y Al LAvMa ) 2.1
Py —PETVP-V (2.7)
a b) ke
¢ F,
H,, P ier (mv),, ! (H19) 5,

.

4- JoEEE

Figure 2.1: Mass and Momentum Balance on a control volume.
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2.2 Constitutive Equations

In order to solve Eq.2.7 is it necessary to know the stress terms and and how
those interact with the fluid motion. A constitutive equation is a relation
between two physical quantities that is specific to a material or substance, and
approximates the response of that material to external forces. Simplifying
assumptions on the specific behaviour of a fluid are needed (based on natural
observations) and applied in order to specify the stresses in terms of the other
flow variables, such as velocity and density. For example Navier and Stokes

made the following assumptions with regard to the deviatoric stress tensor;

_ 1
¥ - T'= Vv -+ §V (Vv) (2.8)

2.3 Navier-Stokes Equations

Is it now possible to substitute Eq.2.8 into 2.7 resulting in;

D 1
pFZ — pg+ Vp— pVPv = 2V (V) =0 (2.9)

For an incompressible fluid Vu = 0 such that;

Dv
P s VRV (2.10)

This is the classic form of the Navier-Stokes equation, which defines a set of
non-linear differential equations that describe the flow of a fluid whose stress

depends linearly on velocity and on pressure.
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2.4 Volumetric Electric Forces

Of particular interest in this work is the interaction of electric fields on the
bubble growth dynamics. It is thus prudent to discuss some of the underlying
physics associated with the relevant electrostatics and how this can influence

two phase flows.

Generally speaking, a force field is a particular vector field which generates
a force which is dependent on its position in space and/or time. Like a
gravitational field, an electric field interacts with a physical domain exerting
a force. In particular, for a fluid domain, the body force generated by an

electric field E is given by, Landau and Lifsitz (1986):

PR SIS S MR {pE2 (85’"> ] (2.11)
ol

where gp is the free electric charge density, p is the density of the medium,
£o and €, are, respectively, the vacuum and relative dielectric permittivity.
The first term on RHS of Eq. 2.11 represents the Culoumb stress, which is
generated on the free charges and is the only term which depends on the sign
of the electric field. The second term is the Dielectrophoretic stress which
arises from the spatial gradient of the medium permittivity. The third term
on the RHS is the Electrostriction stress which is due to the variation of the

permittivity with the mass density and non uniformity of the electric field.

In a two phase-flow a principal area of interest is the effect that the the
electric force on has on the gas-liquid interface. Introducing the Maxwell

stress tensor, Durand (1966), Eq. 2.11 can be rewritten as:

- d
Te;=¢;(n-E);-E; - %JE§ <1 o gd_;> o n; (2.12)
J
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Figure 2.2: Unit vector directions on a gas-liquid interface.

where j represents the gas or the liquid phase while n; is the unit normal
component in each phase. The overall stress is given by the resultant of the

two phase stresses, Zaghdoudi and Lallemand (2000):

i T PR, (2.13)

This can be expressed through the normal and tangential components;

de
e (EL — E}) —eg (B2, — B2) + plzi?iEf o

]

Ten=
gdpg

EZ| -m (2.14)

N =

Te,t =5 (5lEln iy EgEgn) Egt ¢ tl (215)

where the unit vector directions are shown in Fig.2.2

Considering the gas and the liquid as a dielectric medium, the interface
between two different dielectric regions has to satisfy two boundary
conditions, the continuity of the tangential component of the electric field

and of the normal vector component of the electric flux density across the
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interface ,Chen et al. (2007):

Elt = Egt ElEln = EgEgn (216)

Under these assumptions the stress tensor only has a normal component
acting on the bubble gas-liquid interface. Moreover, for non polar fluids,
the variation of the fluid dielectric permittivity can be expressed by the
Clasuius-Massotti law, Cattide et al. (2007):

By substituting Eq. 2.17 with the boundary condition in Eq. 2.14
one obtains the expression for the electrohydrodynamic stresses acting on

a gas-liquid interface

e 1)2

. (2EZ, — E7) - (2.18)

Teup = —¢o

In order to evaluate Eq. 2.18 one must know the relevant physical

properties as well as electric field distribution.
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2.5 Overall Momentum Balance

A growing bubble can be viewed as a body sitting atop a horizontal surface,
as depicted in Fig. 3. It is possible to divide the bubble surface into a dry
area, A, and a wet area, S, which defines the gas-liquid interface. The bubble

interacts with the wall along at the contact line, CL.

By By

Orifice

Figure 2.3: : Application of momentum balance on a growing bubble.

Once the control volume has been defined is it possible to solve the
momentum balance equation. The variation of the momentum inside the

control volume is given by the, LHS of Eq.2.4 as;

d

d
5 (Miv) = . /Vpgvng (2.19)

where V' defines the volume of the bubble while p, and p; are the density of

the gas and its velocity, respectively.

The overall momentum flux across the surfaces A and S is equal to:
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MV |in — MV ot = /A [PgVg (Vg — V5)] - ndA + /5 [ovi (vi — vg)] -ndS (2.20)

where n is the outward unit vector, v is the velocity and the suffixes g and [

refer to gas and liquid phases, respectively.

Finally, the sum of the forces acting on the control volume is given by:

o / pegdV + / o1gtigdL +
o Vi

CL

+ / [To: — oI + Toy] - ndS
S

i / =g, T+ T 548 (2.21)
S+A

where p is the pressure, g is the gravity acceleration, n and t are the outward
normal and tangent (in the meridian plane) unit vectors respectively, oy, is
the surface tension and T, and T, are the viscous and the Maxwell stress

tensors.

In Eq. 2.21 the first term on the RHS is the weight of the gas bubble, the
second term defines the interaction between the bubble and the solid surface
while the last two terms account for the effect of the static, dynamic and

electric effects on the bubble surface.

Combining Eqgs. 2.19, 2.20, 2.21 gives:
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d
——/pgvng = /pgng+

i / Ffv,l —pl+Tey + prvi(vi — Vs)] -ndS +
s

i / [_T—v,y v pgi i Te,g + pgvy (Vg — Vs)] -ndS +
S+A

s / O'lgttgdL (222)
CL

which represents the generic overall momentum balance on a bubble attached

to a surface.

2.6 Theoretical Prediction of Bubble Profile

One of the principal aims of the current study is to gain a fundamental
understanding of the relation between the bubble shape and the forces acting
on it for quasi- static bubble growth. Inertial and viscous effects are in
most practical situations negligible as supposed by Fritz (1935) or Chesters
(1997). Another simplifying assumption is that the bubble will be considered

as axis-symmetric with respect to the vertical axis.

For convenience, the origin of the coordinate system is placed at the tip
of the bubble with the y coordinate directed downwards in the direction of

the gravitational force, as depicted in Fig.2.4.
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Figure 2.4: Schematic of a gas bubble issuing from an orifice into a liquid pool.

2.7 Pressure Field on Bubble

Pressure Balance in absence of electric field

In the absence of an electric field the pressures acting on the interface can be
defined in terms of the gas pressure p,, the stress due to the surface tension

po and the liquid pressure p;. The resultant pressure balance is given by;

Py = Do +Di (2.23)

For a stationary liquid the pressure can be divided into hydrostatic
pressure p, = pg(hy + y) and ambient pressure pu, components, Fig.2.4.
The surface tension stress is related to the surface tension and the curvature

of the gas-liquid interface;
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n=o(z+%) (22

where Ry and Rj are the radii of curvature of the interface at the point (z,y).

Substitution into Eq.2.23 gives.

1 1
Pg=0 <R_1 + R—2> P e plg(hb + y) (2.25)

For the axis-symmetric case the two radii of curvature are equal at the
tip of the bubble, Rz, such that the first term on the RHS of the Eq.2.25 can

be written as;

i
S T

Defining p, r as the value of the pressure at the apex of the bubble, the

= (2.26)

bubble pressure balance can be rewritten as;

20

R + Patm + P19l + P19y (227)
T

Do = DPg.T i Pg9Y =

Substituting Eq. 2.27 into 2.25 gives;

Sy (i + —) + (o= pg) 9y (2.28)

which is also know as the Capillary Equation, Bashforth and Adams (1892).

‘For the solution of the above equation one must apply the following

relations for the radii of curvature;

1 12\3/2 1 2\1/2
oo g (e g (2.29)

Jgl = y" Y

where the symbol ’ indicates the derivative respect to . Upon substitution
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one obtains the following;

yll y/ 2 2,y
S 2.30
C+y)"  z(1+y)? Rr @ B
where;
e B (2.31)
(o1 +pg) g

is called the Laplace constant. By normalizing the equation with respect to
a, such that ¥ = 2/a ,¥ = y/a, Rr = Rr/a, a non-dimensional form of the
previous equation is obtained;

g/l yl 2

(1 +yl2)3/2 T(l +g/2)1/2 = E—T —2y (2.32)

Even for quasi- static bubble formation, no closed-form solution appears
to exist for this ordinary differential equation in which the radius of curvature

at the vertex remains as a parameter, Di Marco et al. (2005).

Pressure Balance in presence of electric field

As discussed, the electric field generates a deviatoric stress component and
this is well known to influence the bubble shape and departure characteristics,
Dong et al. (2006). In absence of electrical charges on the bubble surface,
only the normal component of the electric stress acts on the bubble interface

and Eq. 2.23 can be rewritten as:

1l 1
Pg+Deg=Ps+ D1+ Dl =Pt +Pet +0| 5+ 5 (233)
R, Ry

which is the equivalent of the Young-Laplace equation in the presence of

an electric field. From Eq. 2.33 and Eq. 2.28 is it possible to note an
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important interaction between the electrodynamic stress and the bubble
shape. If the electrically induced pressures are large enough the principal
radii of curvature will be different, compared with that of no electric field,
in order to establish mechanical equilibrium. Interestingly, and what makes
this problem particularly problematic, is that the bubble shape itself changes
the electric field distribution and ensuing electrical stresses. To the author’s
knowledge, no attempt has been made to solve Eq. 2.33 such that the study
of the bubble shape in the presence of an electric field is still a wide open

subject in fluid-dynamics research.

2.8 Bubble Detachment

The departure of a bubble from the surface upon which it is growing is one
of the most relevant subjects in the study of the boiling phenomena. The
investigation of the underlying physics of this event and the development
of methods to predict it has been the topic of a great number of studies
and debates in the academic community. In this section the author does
not attempt to develop a new method to predict bubble departure, but aims
at discussing the influence of external force fields on bubble growth and
detachment in static and adiabatic conditions.

In absence of external forces a bubble, or equivalently a liquid drop,
tends to assume the minimal surface configuration, which correspond to a
spherical shape (Fig.2.5a). The molecules on the interface with the other
phase have a higher value of potential energy. This makes it necessary to
impose mechanical work in order to extend the surface of the bubble by an
external perturbation (Fig2.5b). Under this condition the potential energy of

the molecules of the interface increases proportionally with the increment of
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the bubble surface and with the surface tension of the liquid. If the external
perturbation is removed ( Fig.2.5¢) the bubble surface does not coincide
with the minimal one, and the molecules on the interface are able to perform
work due to their higher potential energy. Thus, the bubble returns so to its

previous configuration.

The previous simple example illustrates how a bubble, initially in
equilibrium, increases its potential energy under the effect of an external
perturbation and once the perturbation is removed the bubble goes back to

the minimal potential state.

This is a condition of stable equilibrium (Fig.2.6a). The curve of the
energy potential presents a minimum and the system, looking for the
condition of minimum potential, remains at point A. A small mechanical
perturbation increases the potential energy of the system, moving the system

to the point B. Removing the perturbation the system goes back to A.

In the case of neutral equilibrium the curve of the potential is defined
by a horizontal line. The system maintains the minimal potential possible
regardless the position on the curve. A simple example is a sphere on a flat
horizontal table. Moving the system from the configuration A to B does not
require any energy supply into the sphere, and configuration B is maintained

when the perturbation is taken away.

a) SR Pl c) =

Figure 2.5: Bubble configuration prior the external perturbation (a), with the
external perturbation (b), after the perturbation has been removed (c)
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If the curve of the potential presents a maximum, as shown in Fig.2.6c,
the system is in a condition of unstable equilibrium. The passage from the
configuration A to B is in accordance with the tendency of the system to
reduce its potential energy. The passage from A to B does not require energy
but releases energy. Upon removing the perturbation, the system is still able
to decrease its potential and does not return to the initial equilibrium state.

If a bubble grows from an orifice, gravity tends to deviate the bubble
shape from spherical. Experiments in microgravity have shown how a bubble
growing under this condition maintains a spherical shape, Di Marco et al.
(2003). If the growth is quasi-static during the first stages the bubble
configuration coincides with the stable equilibrium state (Fig.2.6a). All the
external forces acting on the bubble have a resultant equal to zero and if the
air injection supply were shut down the bubble would retain its shape and
position indefinitely. This is, however, unless an external action, like a small
mechanical perturbation from the orifice where is growing from, increases the
potential energy on its surface. This condition is equivalent to a hemisphere
lying with its curved surface on a table. After tipping the hemisphere and

letting it go, the original position will eventually be re-established. Likewise

a) b) <)
N A N
/ A
U U A B 2
—_—
Do — J
A
5. 4 L .~
v 7oA
Perturbation Perturbation Perturbation

Figure 2.6: Stable (a), neutral (b) and unstable (c) static equilibrium
configuration.
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for the bubble, once the cause which deforms the bubble is removed it will
return to its initial equilibrium state. Even still, if the perturbation is large
enough it is possible to cause the bubble to detach from the surface. As
one can imagine, the magnitude of the perturbation needed to detach the
bubble from the surface decreases with the bubble growth, until it reaches a
configuration of unstable equilibrium (Fig.2.7b) whereby the perturbations
is infinitesimal. Under this circumstance the bubble coincides with a cone
in equilibrium on its tip on a table. Any minimal external action causes the

bubble to move from its equilibrium point in order to reach a lower potential

Figure 2.7: Stable (a) and unstable (b) equilibrium condition of a bubble growing
from an orifice.

state (Fig.2.6c).

It is hypothesised that the detachment of a bubble occurs when this
unstable equilibrium point is reached. This depends on a great number of
factors. The force field acting on the bubble can promote or postpone the
event. However, the complexity of the system makes it very difficult to define
the point of no return.

The bubble indeed is not a rigid body, as a hemisphere or a cone, but

can be considered as a continuous deformable body subject to different kinds
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a) b)

Figure 2.8: Mechanical analogy of a bubble

of constraints. In the absence of gravity, a bubble attached to a surface is

subject to two principal constrains:

e Its tendency to reach the minimal surface area possible

e Its interaction with the wall, which forces it to assume a constant

contact angle.

An analogous case in mechanics is a deformable ring with its ends fixed on
the wall with the angle equal to, say, the static contact angle of the fluid with
the material of the wall, Fig.2.8a. If the ring is deformed by an external force
field, as shown in Fig.2.8b, it tends to change its equilibrium configuration. In
particular, the enlargements in Fig.2.8, show how the deformation produces
a variation of the contact angle in opposition with the fixed end constraint.
This opposes further rotation by applying a moment proportional to the
rotation itself. Once the external force field is removed the ring goes back to

its initial state.
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This simple example gives only a general idea about the interaction of a
bubble with an external perturbation, but does not explain why a condition
of unstable equilibrium is reached during the bubble growth. This is probably
due to an oversimplificated definition of the constraint representing the triple

contact line with the wall.

Fig.2.9a shows a different mechanical representation of the triple contact
line of a bubble with a surface. It consists of a device composed of a rocker
arm and a spring hinged together. The rotation imposed to the rocker arm,
A, produces a deformation of the spring, As, which reacts with a force
proportional to the deformation, Fig.2.9b. A moment is thus applied to the
rocker arm and tends to drive the arm back to its initial position. It is easy to

see how this is a condition corresponding with a state of stable equilibrium.

When the arm reaches a 90° angle, Fig.2.9¢c, the device is now in a
configuration of unstable equilibrium. The three centres of rotations of the
connection wall-spring-arm are on a common line and the force of the spring
does not produce a moment. Any small rotation of the arm will create
a moment which tends to bring the system to a lower potential condition

which, this time, corresponds with a contact angle of 1y or 180° — 9.

The example represented in Fig.2.8 can now be modified considering this

4 L g

Figure 2.9: Contact angle constraint for: its stable equilibrium configuration (a),
under the effect of a deformation (b), its unstable equilibrium configuration (c).
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new approach to define the connection of the ring with the wall, Fig.2.9. For
simplicity in the figure the constraint is not represented diagrammatically.
As long as the contact angle is lower than 90° , the ring is in a configuration of
stable equilibrium, Fig.2.10a. Once the contact angle reaches 90° , Fig.2.10b,
the ring presents an unstable equilibrium condition on its base but its upper
dome section still wants to assume a circular shape. This can thus force the
contact angle to become obtuse and moves the connection from stable to
unstable.

Once the ring passes this instability it tries to assume a new condition
of minimal potential. In this case, even if the force that produced the
deformation of the ring is removed, the ring will not go back to its initial
shape (Fig.2.6a) but it will look for a lower potential configuration (Fig.2.6¢)

where the tendency of the upper part to assume a circular shape equilibrates

the tendency of the connection constraint to achieve a static contact angle.

a) b) ¢)

Figure 2.10: Stable (a) and Unstable (b) equilibrium configuration

The mechanical equivalences adopted in this section is admittedly
simplified. They are presented only to highlight the importance of the
local equilibrium of a deformable system. The example of the ring does

not consider the effect of the internal pressure or buoyancy which would be
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influential for a bubble. Moreover, in reality, the triple contact line is able
to move and is not fixed as the rocker arm constraint is, and the ring is
not able to detach. Also, the force field acting on a bubble can change with
time and is related to the bubble shape. For this reason, the definition of an
unambiguous unstable equilibrium configuration is very hard to obtain and
still needs to be analysed in more detail, though is outside the scope of this
work. Even still, this approach is quite different than conventional theories
which tend to apply a bubble detachment criterion based on a balance of
forces. The obvious paradox with this type of approach is that in many
cases, such as the ones in this study, the static forces are quite obviously

balanced throughout the bubble’s lifetime.
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CHAPTER 3

EXPERIMENTAL APPARATUS
AND DATA REDUCTION

3.1 Experimental Apparatus

An experimental apparatus has been commissioned which can simultaneously
measure the internal gas pressure and the shape evolution of the bubble
during its growth and departure from a submerged orifice. This was
facilitated by injecting air bubbles through submerged orifices and utilising
a high speed camera such that it was possible to take video footage of the
bubble growth and store each frame for subsequent analysis. The test rig
could also impose an electric field around the bubble. As shown in Fig.3.1,
the bubble grows in a small basin made of Perspex. This material was suitable
for this type of experiment due to its high transparency, ease of manufacture

and compatibility with the fluids tested.
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10

Figure 3.1: Schematic of test facility experimental apparatus used for the
experiments (1) Liquid Vessel (2) Syringe Pump (3) High Speed Camera (4)
Light Source (5) 4 Prot T-Valve (6) Pressure Transducer (7) A/D converter
(8) Data Acquisition Computer (9) Drilled Aluminium Cylinder (Ground) (10)
Signal Generator (11) Oscilloscope (12) High Voltage Amplifier (13) High Voltage
Electrode (Anode) (14) Thermocouple.
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The top of the vessel is open to the atmosphere and the bottom was flat
and sealed. The bubbles grow from an orifices drilled through aluminium
cylinders which were sealed to the bottom of the vessel. The aluminium bases
were interchangeable to facilitate testing with different orifice diameters. An
axis-symmetric electric field could be generated by a metal grid electrode
fixed above the aluminium cylinder which was connected to a high voltage

amplifier with the aluminium base being connected to ground.
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3.2 Basin and Aluminium Base

As depicted in Fig.3.2 a the base dimension of the basin is 60 mm x 60 mm
and is sufficiently large compared with the bubble sizes that the influence of
the side walls could be considered negligible. A through hole was drilled into
the base where the aluminium section was inserted. The aluminium base
insert consists of a succession of cylindrical sections. Fig.3.2b shows that
a somewhat oversized circular cavity was drilled through the centre of the
insert for the greater part of its length whilst the small orifice hole was drilled
in the last cylindrical section. Three different orifice sizes were studied such
that three different aluminium bases were manufactured.

The aluminium insert was connected to the basin structure through a
threaded section. In this way the two components were rigidly joined. Also,
this type of connection avoided possible leaks of including a rubber O-ring

between the base and the basin.

a)

6 mm 6mm o S
i

4
60 mm -.._ 20 mm

|
T
T =i

b} S0 nm

b)

Figure 3.2: Working drawing of (a) the basin and (b) the aluminium base.
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3.3 Injector Device

The main component of the bubble injector system is a Kd Scientific Model
200 series syringe pump (Fig 3.3a). This device converts the rotational
motion of a motor to a translational motion which subsequently pushes the
arm of an air-filled syringe. The linear motion of the syringe pump allows
for accurate control of the air volumetric flow rate which was varied between
10 mlph and 100 mlph for this study. The syringe adopted is an Hamilton
1750 CX 500 lw/Stop(1/4-28) (ref A81262) with an inner volume of 5004
(Fig 3.3b).

Figure 3.3: Syringe pump (a), 500ul syringe (b) and T- flow path 4-ports valve
().
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The syringe is connected to the orifice and to the pressure transducer
through a T flow path 4-ports Hamilton HV 4-3(Ref A86730) (Fig 3.3b). In
this way it is possible to keep the syringe connected to the basin and the
pressure transducer during the phase of air injection (i.e. bubble growth)
when the plunger is being pushed by the plate of the pump. Also, during the
drawing back of the syringe, it is possible refill the syringe with air without

having to disconnect it. Figure 3.4 give a better depiction of the valve in use.

Pushing Sucking

A Pushed Out
ﬁ Basm
A1 Sucked n

= -1

Press
Press Trans

Atm
Trans

Valve

Svringe

Basm Basmn
Atm ¢.— Atm .a..
Syringe Syrimge

Figure 3.4: Scheme of the (a) pushing and (b) sucking stages.
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3.4 Pressure Transducer

In order to measure the pressure history inside the bubble as it grows and
departs, a fast response (~ 1ms) Honeywell 164PC differential pressure
sensor was joined to the T valve. The device is shown in Fig.3.5.

The pressure transducer converts the differential pressure between the
inside of the syringe and atmospheric pressure into an analog electrical signal.
As it is evident from Fig.3.5, the device has two connections; one connected
to the valve, the other to the atmosphere. The output voltage signal had
to be amplified through an electrical network and was subsequently inserted
into an enclosure, as shown in Fig. 3.6. The analog signal is subsequently
converted into a digital signal by a 12-Bit (NI USB-6008) A/D converter and
logged and analysed using LabVIEW and a dedicated computer.

Before commencing the experiments it was necessary to calibrate the
pressure transducer in order to determine the relationship between the
pressure differences applied at one side of it and its output signal. Utilizing
a U-tube manometer as the reference pressure a series of measurements were
performed and the output voltage obtained from the sensor was matched with
the value of the known pressure from the manometer scale. The calibration

results are shown in Fig.3.7. As it is possible to see from the graph there is

Figure 3.5: Honeywell 164PC pressure transducer.
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a clear linear relationship between the output signal and the magnitude of
the differential pressure. A linear regression of the data gives a conversion

constant of, § = 502 Pa/Volt.

- S -
E

Figure 3.6: Electrical circuit (left) and photograph of pressure measurement
system(right). (E) Energy Supply (I) Switch (C) Condenser (VR) Voltage
Regulator (PT) Pressure Transducer (R) Resistance.

Pressure [Pa]| Voltage Read [Volts]| '3
0 0

200 0.4 25 /

400 0.78 / ;

500 0.99 2

600 % 15 /

800 1.59 s /

1000 2 1

1200 2.38 / ;

1400 2.77 0.5
1500 2.9 0

Volts

T T T

0 400 800 1200 1600
Pa

Figure 3.7: Raw calibration data (left) Pressure calibration curve (right)
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3.5 High Speed Videography

The bubble shape during its growth was obtained by digital processing of
high speed video images. The images were captured with NAC Hi-Dcam
IT high speed camera at frame rates varying between 60 fps and 1000 fps
depending on the air injection rate. The maximum recording time of the
camera depends on the frame rate and the area of recording and specialized
software allows the user to store the pictures for a chosen time interval. The
principal aim was to select a smallest possible recording area that was still

large enough to capture the complete bubble growth cycle. In this way:
(a) the recordable time period increases;
(b) the file size of a singular frame decreases.

The necessity to limit the recording area was more important for the high
flow rates and the smaller orifice diameters, where the bubbles grew relatively

fast.

Figure 3.8: (left) Low quality image (320x250 pixel) and (right) High quality
image (310x421 pixel).
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Having very high quality images is fundamental to this work. As it will be
explained in the next sections, this study is focused not only on the principal
geometric characteristics of the bubble, such as volume and equivalent area,
but also on the bubble curvature. This required careful attention to the effect
of lighting and reflection and the positioning of the experiment and the light
source in such a way that the captured picture defines, as close as possible,

the air/liquid interface (Fig.3.8).

74



EXPERIMENTAL APPARATUS AND DATA REDUCTION

3.6 Electric Field and High Voltage Amplifier

An electric field was generated by a flat metal mesh electrode fixed above the
grounded aluminium cylinder at a fixed distance L through a copper support
(Fig.3.9a and Fig:3.10) and connected to a 20 kV High Voltage Amplifier
(Matsusada Precision AMS/AMT series). A constant DC signal was
generated by a Hewlett Packard 3325B function generator and subsequently
amplified by the High Voltage Amplifier (Fig.3.9b). The metal mesh electrode
was selected since it is electrically conductive and allowed the bubbles to
pass through. This is important since bubble agglomeration on the electrode
can distort the electric field. The aluminium cylinder was connected to the

ground as shown in Fig.3.10.

a)

!
5
1
|

Figure 3.9: (a) Metal mesh electrode and (b) Function Generator and High
Voltage Amplifier.
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Figure 3.10: Schematic detail of the experimental apparatus (1) Liquid Vessel (2)
Aluminium Cylinder (3) Metal Mesh Electrode (4) Ground Connection (5) High
Voltage Connection

In order to satisfy the basic safety requirements the entire experimental
rig was connected to the ground (Fig.3.11a) and a Perspex shield was fixed
to the top of the basin as shown in Fig.3.11b. This prevented direct contact
by the user with the high voltage support. As a further precaution, the High
Voltage Amplifier could be activated only by a foot pedal switch placed a

safe distance from the experiment and activated by the user.

Figure 3.11: (a) Grounded experimental rig (b) Security box
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3.7 Experiment Conditions

As already mentioned in the previous sections, for this investigation the
bubble grows and departs from a small orifice drilled in a flat plate submerged
in a basin filled with otherwise quiescent liquid. A constant injection
volumetric flow rate is ensured by utilizing a controllable syringe pump.
Orifice sizes of 1.6 mm, 1 mm, and 0.58 where drilled into their respective
aluminium base. The uncertainty of the orifice diameter is estimated to be
F0.05mm.

The experiments were conducted at atmospheric pressure and terrestrial
gravity. Two different working fluids where tested: pure degassed water
and the dielectric fluid HFE-7000. Due to its insulating properties only the
HFE-7000 could be used for the electric field tests. Moreover due to the
solubility of the air in the dielectric fluid, before each experiment it has been
necessary to wait few minutes until the liquid was saturated of air. The table
on the next page lists the principal experimental parameters and relevant

liquid proprieties.
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Description Water | HFE-7000 | Units
Flow Rates 10-20-50-100 2 | mL/h
Orifice Diameters 1.6-1.0-0.58 1i o
Liquid Level 21 26 | mm
Frame Rate 60 + 1000 500 | fps
Liquid Density 998 1400 | kg/m?
Kinematic Viscosity i (.32 " cSt
Boiling Point at 1 atm 100 34| °C
Surface Tension 0.073 0.0124 | N/m
Dielectric constant 80 7.4 -
Voltage Applied - 0-2-4-6-8 | kV
Distance Grid - 10 | mm

Table 3.1: Experimental conditions.
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3.8 Image Processing

A piece of purpose-built Matlab code was written in order to define the
relevant bubble characteristics such as the position of the centre of gravity,
the coordinates of the bubble interface and the instantaneous contact angle.

The image processing consists of;

(a) selection of the area of interest (Fig.3.12a);

(b) application of a median filter in order to smooth the bubble boundaries;
(c) the determination of a gray scale image (Fig.3.12b);

(d) the choice of a threshold for the gray levels;

(e) creation of a B/W picture through the threshold value (Fig.3.12c);

(f) determinations of the bubble centroid and interface (Fig.3.12d).

The first step of the procedure is to convert from a RGB format picture to

a BW format. The RGB colour model is an additive colour model in which

a) b) c) d)

Figure 3.12: Sequence of image processing: (a) Selection of the area of interest
(b) Conversion in a grey scale format (¢) Creation of a binary picture (d) Definition
of the boundaries and centre of gravity.
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RSN SR T

Figure 3.13: RGB format (left), evolution of the three primary colours along the
segment A-B (right).

red, green and blue colour are added together in various ways to reproduce
a broad array of colours. An RGB image is then analysed in Matlab as a
NxMx3 matrix, where N and M define the pixels of the height and width of
the picture. Fig.3.13 represents the evolution of the three colours along the
line A-B. The RGB scale is then converted to grey scale, also analysed by
Matlab as a NxM matrix. In this way it is possible to choose a threshold
value that is used to determine if a pixel is inside or outside the bubble as

shown in Fig.3.14.

Out

100 200 300

Figure 3.14: Grey scale format (left) and evolution of the intensity along the
segment A-B (right)
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The code creates a binary picture where every pixel assumes a value of
1 (inside the bubble) or 0 (outside the bubble). The bubble characteristic
dimensions and interface are subsequently determined using the 'regionprops’
and 'bwboundaries’ utilities in Matlab. The image is then converted from a
pixel scale to a physical scale using a pixel to length conversion coefficient L
which is determined by comparing a measured pixel distance to an already
know physical length.

Further post-processing of the bubble image is required in order to
adequately quantify the two principal radii of curvature at a given point
on the gas-liquid interface. The assumption of axisymmetry facilitates the
formulation of the second radii of curvature. These are depicted in Fig. 3.15
for a bubble near departure.

The two circles (C; and C5) which approximate the bubble surface at
a generic point j lie on two orthogonal planes ©; and €, (Fig.3.16). ; is
the meridian plane which contains the vertical axis of the bubble while €25 ,
orthogonal to €2y , contains the normal to the bubble surface at the generic

point considered.

Figure 3.15: A 3D reconstruction of a bubble showing both radii of curvature
for three selected points.
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Figure 3.16: Circle that defines the bubble at the j-point (left) detail on its
determination (right)

A simple routine was written in order to define the equation of the
meridian circumference (C) passing through the generic point j and its
neighbouring points, j — s and j + s, where s defines the step (Fig.3.16). An
auxiliary circumference (C,) normal to the bubble axis is generated. This
passes through one of the two neighbouring points and its centre, O,, lies on
the bubble’s axis. The intersection between the auxiliary circumference and
(25 defines two auxiliary points A and A’, those are represented with violet
points in Fig.3.15 and Fig.3.16. The second circumference (Cy) passes trough
j and the two auxiliary points A and A’ (Fig:3.15).

The contact angle ¢ is defined considering the tangential of the
circumference passing trough the bubble’s base. o and two previous points

o— s and o — 2s (Fig.3.17).
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.....................................................

Figure 3.17: Circle that defines the bubble in the proximity of the bubble base
(left) detail on its determination (right)

Since the bubble interface is approximated by a large number of discrete
and closely spaced points, the definition of the two curvatures by using only
a step size causes inevitable discontinuities (blue lines in Fig.3.18). It was
thus decided to use more than one step size and smooth each trend using a

simple filter to define the average curve (red lines in Fig.3.18).

a) 3000 : T T b) 4000

et | e S B ..... e

Curv [1/m]
Curv [1/m]

-3000 i i i 1000 . i
0 0.5 1 1.5 2 25 0 0.5 1 15 2 25
y [mm] y [mm]

— Individual — Average

Figure 3.18: Evolution of the two principal radii of curvature: 1/R; (a) and
1/Ry (b)
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Since the test facility did not permit visual access into the orifice it
was not possible to video the bubble when it was beneath the surface. As
depicted in Fig.3.19, measurement of the bubble geometry and dynamics is
thus impossible during this growth phase and is only possible when the bubble
has emerged completely from the channel with the bubble foot attached to
the rim of the orifice. For convenience, in order to make comparisons with
different bubbles, a common ¢ = 0 start condition is chosen when the bubble

has a hemispherical shape with a contact angle of approximately 90°.

i - | Bubble

Eij:ing column of \(‘%/
7

Figure 3.19: Rising bubble column to the orifice mouth.

L
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3.9 Data Analysis

The integral form of the momentum equation on a control volume
surrounding the bubble which is bounded by the liquid side of the gas-liquid

interface and by the gas side of the bottom dry area is written as;

d
—/pgvng = /pgng-l-

+ / [Toi — pd+ Tey+ pvi (vi — vs)] - ndS +
s

i [—Tv,g e pgi oz Te,g < PgVyg (Vg = VS)} -ndS +
S+A

T / GigtigdL (3.1)
CL

where V' defines the volume of the bubble, n and n are the outward normal
and tangent unit vectors respectively, p is the pressure, u is the velocity, g is
the acceleration due to gravity, T, and T, are the viscous and the Maxwell
stress tensors and oy, is the surface tension. The suffixes g and [ refer to gas
and liquid phases, respectively. The dynamic effects are accounted for in the
normal and tangential stress distribution around the bubble, which must be
evaluated by taking into consideration the surrounding liquid motion.

In the ensuing analysis of the bubble dynamics several simplifying
assumptions have been made in order to quantify the forces. These are listed

as follows;

(a) All of the fluid properties are considered constant and evaluated at room

temperature.

(b) Bubble growth occurs adiabatically and axisymmetrically.
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(¢) The momentum associated with the vapour bubble is negligible compared

with the magnitude of the external forces.

(d) The gas pressure is uniform within the bubble and the gas viscous, inertia,

electric stress and momentum flux influences are negligible.
(e) The orifice pressure coincides with the pressure inside the bubble.
(f) The contact line remains fixed to the rim of the orifice.

The axisymmetry of the problem simplifies the solution of the integrals,
reducing the force balance to the vertical component only. Introducing the

vertical unit vector j, the last term of the RHS can be expressed as;

o= / J-otidL = 2morgsin 6 (363
CL

S

Figure 3.20: Application of momentum balance on a growing bubble
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This is the capillary force which is a downwardly directed force that tends
to keep the bubble attached to the wall. It arises due to capillary action at
the triple interface and is related to the contact perimeter of the bubble and
contact angle, 8. Dynamic and static effects of the liquid are included in the
normal and tangential stress distribution in the second integral of the RHS

of Eq.3.1:

/ [—Tv,l — pli+ PV (Vl = Vs)] : dS = /pls . l’ldS + /pld s ndS (33)
S S S

where p;s and p;y are the static and the dynamic component of the liquid
pressure, respectively.

Since the bubble presents also dried zones, the buoyancy force is not
calculated considering the entire volume of the bubble but only the portion
completely surrounded by liquid (grey area in Fig.3.20). This method differs
from the classical one where a body is subject to the Archimedes principle
which states that any object, wholly or partially immersed in a fluid, is buoyed
up by a force equal to the weight of the fluid displaced by the object itself. The
surface area and volume of the bubble can be so divided in two regions: the
body completely embedded in the liquid, defined by the grey area in Fig.3.20,
and the region above the orifice, defined by the white region. The effect of
the static liquid pressure acting on the surface, S, and the weight of the

bubble (first term of the RHS of Eq.3.1.) can be written as:

/pzs «RdS = Pis - ndS + / pis - ndS (3.4)
S SB E

J N R (3.5)
Vv VB Ve
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Where the suffixes B and * refer to the body completely surrounded by liquid
and that part which is not, respectively.

The buoyancy force is thus given as;

e / T / b = i (3.6)
VB SB

Where Vg is the volume of the bubble subject to the buoyancy force.

The third term of the RHS of Eq.3.1 accounts for the effect of the internal
pressure of the control volume. Due to the homogeneouss gas pressure inside
the bubble and in the orifice, the net force acting on the dry area A is equal
to zero. The vertical net force acting on the surface completely embedded
in the liquid is also zero. Under these conditions the internal pressure of the
bubble acts only on the top surface S* generating an upward force which
pushes the bubble away from the orifice. On the other side of S* the liquid
pressure interacts with the surface generating a downwardly directed force
which opposes the overpressure of the bubble. The overall effect is a vertical

force directed upward called the Contact Pressure force:

Hop= / j-pmdS — / j - pmdS (3:7)
S* *

where the vertical projection of the top surface S* coincides with the
horizontal bottom area A. Moreover, for the axisymmetry condition and
for the assumption of the contact line C'L coincident with the orifice rim,

Eq.3.7 can be simplified to:

Fop = /A(pg — 1) dA = 7rg (pg — pr) (3.8)

where p7 is the liquid pressure at the tip of the bubble and rg is the contact

radius. Choosing to use pr in Eq.3.8 simplifies the calculation of the integral
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of the liquid pressure acting on the upper region of the bubble.

Finally, the dynamic and electrically induced vertical forces are given by

the surface integrals:

FD = /J *Pid - ndS (39)
S

iy = /.] + Tey - ndS = /.] -EpnpdS (3.10)
s s

For quasi-static bubble growth the momentum equation simplifies to a

balance of the above mentioned forces, such that,

ZF:FB+Fc'p+F¢'+FD+FE=O (3.11)

o

TFCP

L

C

K \LFD
— _g s

oo

9

A\

A\

Figure 3.21: Forces field acting on a growing (left) and schematic of gas bubble
issuing from an orifice into a liquid pool (right).
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The assumption of an axisymmetric bubble facilitates a straightforward
estimation of the bubble volume. This is achieved by a numerical integration

described by the expression;

Np
= Lf) . Zﬂ' . TIQ,J (8.12)

where 7, ; is the pixel to pixel length between pixel j of the bubble region
and the symmetry axis, Np is the number of pixels inside the bubble and L is
the pixel to length conversion coefficient which is determined by comparing
a measured pixel distance to a known physical length. The vertical position
of the centre of gravity was calculated by considering the bubble as a solid
of revolution.

A primary aim of this investigation is to combine the measurement of the
instantaneous gas pressure with the local curvature of the bubble to estimate
the magnitude of the local dynamic and electric pressures. The gas pressure

inside the bubble was measured and is given as;

PQ=APm+Patm (313)

where AP, is the measured differential pressure and P, is the atmospheric
pressure. The pressure of the liquid at a vertical distance y from the bubble

tip is;

P, = Pym +pg (H—h)+ pigy + Pa (3.14)

where the first two terms account for the hydrostatic head between the free
liquid surface and the tip of the bubble, (Fig.3.21). By substituting Eq.3.13
and Eq.3.14 into the Young-Laplace equation in the presence of an electric

field (Eq.2.33) one obtains:
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1 1
AP+ Py =& (R— + —R—> +pmg(H —h)+ pgy+ P+ Py (3.15)
il 2

In Eq.3.15 the electric pressure of the liquid and gas can be grouped
together by a common term and the sum of the dynamic liquid pressure and

net electric pressure term can be so estimated as follows:

1 il
P+ P.=AP,—0|—=—+ =) —pg(H—h)— pgy (346
Ry, Ry

In absence of an electric field, Eq.3.16 gives an estimation of the liquid
dynamic pressure acting on the bubble interface. For low gas injection rates
where the bubble is expected to grow quasi-statically the dynamic pressure is
expected to be negligible compared with the other pressure components. A
significant deviation from P; ~ 0 Pa could suggest the presence of a dynamic
effect on the definite area of the bubble interface.

When the bubble grows in an electric field the electric and dynamic
pressures are impossible to determine independently. However, for low gas
injection rates where the bubble growth is quasi-static, the dynamic force may
be negligibly small and Eq.3.16 can be used to determine the electric pressure.
To the author’s knowledge, this technique for experimentally determining the
electrically induced pressure field is the first of its kind as others have relied

on numerical techniques,Chen et al. (2007) or Cattide et al. (2007).
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CHAPTER 4

NUMERICAL MODELLING

4.7 - Erans Al

Fluid mechanics is governed by a set of equations which define the
conservation of mass, momentum and energy. These equations are non-linear
partial differential equations for which analytic solutions can be realized
for only very simple scenarios. The non-linearity makes most problems
difficult or impossible to solve. The evolution of a bubble is not one
that, at present, can be solved analytically. Even when one describes the
evolution of the bubble interface under simplified quasi- static conditions,
the system of differential equations is still impossible to solve. As a
result, solution methods must be deployed to simulate the bubble growth
dynamics. Even though the solutions are an approximation of reality, with
valid simplifying assumptions, accurate numerical techniques and validation

against experiments, a numerical simulation can give results very close to

93



NUMERICAL MODELLING

reality. Moreover, such numerical treatment of the problem allows the
investigator to study the influence parameters which are difficult to study
experimentally; an obvious one being reduced gravity.

In the present work, the full set of Navier-Stokes equations, which describe
the dynamic of bubble growth, have been solved by the finite-volume method
package TransAT (Transport Phenomena Analysis Tools). This code has
been developed by ASCOMP GmbH, a technology development company
founded in 2003 specialized in the simulation of industrial fluid dynamics

and heat and mass transfer.

4.1.1 Dziscretization of Governing Equations

In this section the principal governing equations, simplifying assumptions
and numerical treatment of the problem are outlined

The liquid and gas phases are both treated as incompressible. Thus, as
discussed in Chapter 2 the conservation of mass and momentum can thus be

expressed as,

Vv =0 (4.1)

A% e
i, = A4%)
pp; —PE+VP+VI =0 (4.2)

Moreover, for quasi-static bubble growth the flow is laminar such that

momentum conservation can be expressed as in Eq.2.10:

Dv

ol e (4.3)

In the numerical treatment of the problem the partial differential

equations are converted in to a system of ordinary differential equations which
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are then numerically integrated in a discrete domain.

The physical domain is divided into a finite number of quadrilateral
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