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Two-phase flow with gas-liquid component is
commonly applied in industries, specifically in the
refinery process of liquid products. Oil products with
bubbles contents are undesirable in a production pro-
cess. This paper describes an investigation of a pro-
cess mechanism regarding the bubble breakup of the
two-phase injection into quiescent water. The analyt-
ical model was developed based on the force mecha-
nism of water flow at the bubble interface. The iner-
tia force of water flow continually pushes the bubble
while the drag force resists it. The bubble gets shapes
change that affects the hydrodynamic flow around the
bubble. Vortices with high energy density impact and
make the stress interface over its strength so that the
interface gets tear. The experiment was carried out by
observing in the middle part of the injected flow. It was
Jfound that the forming process of bubble breakup can
be explained as the following steps:

1) sweep model is a bubble pushed by the inertial
Jorce of water flow. The viscous force of water shears
the surface of the bubble. The effect of both forces, the
bubble changes its shape. Then trailing vortex starts to
appear in near bubble tail. The second flow of water is
in around of the bubble to strengthen the vortex ener-
gy density that causes fragments to detach from the
parent bubble;

2) stretching model, the apparent bubble has high
momentum force infiltrated in stagnant water depth
and bubble ends are stretched out by the inertial
Jorce of the bubble and viscous force of water. The
bubble surface has experienced stretching and tear-
ing become splitting away. Based on the finding, the
breakup process is highly dependent on the momentum
of water flow, which triggers the secondary flow as the
initial process of vortex flow, and it causes the tear of
the bubble surface due to angular momentum

Keywords: inertial and viscous force, angular
momentum, quiescent water, energy density, bubble
interface

|l =,

Received date 28.05.2020
Accepted date 03.07.2020
Published date 31.08.2020

1. Introduction

A liquid product from the two-phase (liquid-gas) separa-
tion process is not desired to contain bubbles. Separation of
gas bubbles in the process of the refinery of liquid products
is not all separated because there are split bubbles of various
sizes. This split bubble is caused by the presence of vortices
which affect the bubbles. These vortices arise due to flow
patterns that are influenced by arbitrary bubble shapes. The
separation of the bubbles is based on the buoyancy force of
the bubbles. For small bubbles they are difficult to be since
small bubbles have small buoyancy force compared to iner-
tial flow force.

Water flow injection velocity could generate flow pat-
tern around the bubble. This flow pattern affects the bubble
shape. Bubble shape contour and flow pattern will trigger
to generate vortices around the bubble. Flow pattern and
bubble shape in certain conditions change vortices size to
be small ones. The small vortex has a high energy density
which has a high tearing power to the bubble interface. The
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novelty of this study is the finding of the interface tearing
started from weaken intermolecular induce force. That is
intermolecular induce force between the Hydrogen atom
of water (H,0) and Nitrogen (N3) molecules. The vortex
twists the water molecule then the induce force is cut off.
The interface is torn after that the bubble gets split up to
be several parts, thereby increases the surface tension of the
smaller bubble. This finding is very important for practical
breakup analysis as well as for bubble liquid separation in oil
processing equipment.

2. Literature review and problem statement

Injection of two-phase flow is a process in industries.
When a bubble is injected in quiescent water, the bubble
experiences breakup for several times after exit from a
horizontal straight nozzle. This breakup mechanism is the
research observation as the effect of distortion between the
bubble and fluid surround or pressure difference between



them. The bubble breakup is affected by both the unstable
surface and wake vortices in a stagnant liquid [1]. The bubble
is penetrated by fluctuating vortices that cause tearing of
the bubble surface. The number of bubbles breakup depends
on the number of vortices which have higher energy than the
energy of the bubble surface. Breakup of a bubble is caused
by hydrodynamic forces. These forces try to shear the bubble
surface and then the surface is resisted by surface tension
forces [1-3].

A bubble is influenced by the liquid flow field. The bub-
ble experiences stretching at the middle part of the bubble
so its surface tension increases. The bubble can be imaged
as an elongated dumbbell which will collapse [1]. On the
other hand, an expanded bubble volume causes decreasing of
gas pressure; Young-Laplace equilibrium gets disturbances.
Hence the gas pressure is reduced up to lower than liquid
pressure. This condition causes penetration from surround-
ing pressure to that the value of curve coefficient will de-
crease. Then the daughter bubbles separated from a mother
bubble. At this time of separation all the bubbles do not move
up because of the absence of gravity [4].

A submerged nozzle discharges gas by downward jets
into a liquid, where penetration length is an important
parameter that is used in equipment systems and devices
design [5]. The flow rate of gas-injection increases bubble
size and decreases liquid velocity also comparatively not
correlation with a diameter size of gas injection and the
composition of gas [6].

Bubble breakup is related to hydrodynamics, the mecha-
nisms of the breakup can happen in the laminar and turbulent
flow [1]. Viscous shear will stretch the bubble surface that can
elongate the bubble and cause the bubble breakup in laminar
flow. The bubble breakup is resulted by surface instabilities
and wake vortices. Variations of bubble shape are a conse-
quence of hydrodynamic pressure around the bubble. The
bubble breakup is significantly affected by the pressure [7].
The bubble surface is acted by dynamic pressure forces
which determine the part of curvature form and establishes
the bubble shape as well as the motion [8]. The eddy kinetic
energy is to deform the droplet surface as seen at surface
energy increase properly, as a theoretical model [9].

The breakup rate of rising bubbles significantly increases
in water. Observing them a significant effect of surface ten-
sion was found, while the viscosity effect was neglected in
the bubble Reynolds number value from 60 to 3000, which
has been studied [10]. Bubble breakup processes for the bub-
bly jet in stagnant water and visual observations of the rising
bubbles have been investigated [11].

The depth of the downward penetration was gas jet in-
jection into water has been experiment done [12]. The nozzle
was submerged slightly to the underwater level to prevent
air entrainment that indicated the penetration depth was
proportional to nozzle diameter, gas velocity, and ratio of gas
to liquid density. Penetration length of the void generally
is influenced by the gas velocity of injection, the injected
gas properties, diameter of discharging pipe, and liquid in
the container [5]. The size of the bubble is influenced along
the injected early steps [6]. The increasing bubble size is the
impact of flow rate increase of gas-injection and velocity
decrease of liquid.

Bubbles injected into turbulent flowing liquid in the pipe
line have investigated [1]. The bubble break-up mechanisms
result from hydrodynamics. Breakup processes of droplets
in turbulent distributions are multifarious. It is stated that

more than one breakup mechanism may be present in turbu-
lent distribution. A droplet is available in the turbulent field
and also it gets both viscous and inertial forces [9]. The ef-
fect of viscosity on bubble elongation was tried to correlate
with the maximum bubble size. Gas bubbles deformation
subjected to simple shear flow, which effect of shear fields
in processes is very little [13]. Before the bubbles are swept
off, they can get the maximum diameter into the flowing
liquid [14]. Bubbles surface conditions and liquid flow rate
affect bubbles diameter.

Developed volume of bubbles has an effect that the inside
pressure of the ones becomes lower than before. A change of
bubbles volume is due to an increase or decrease of the ambi-
ent liquid pressure [15]. The pressure difference is available
outside the interface as an effect of hydrodynamic flow. The
momentum interaction between the liquid and the bubble
correlates between the surface tension and the hydrody-
namic pressure [16, 17]. In this experiment, the effect of
heat is not considered because it is work done at a constant
temperature of 31.4 °C.

Turbulent phenomena are represented in the bubble
swarm linkage and separation models [18]. A bubble breakup
is affected by the bubble-induced turbulence [19]. The size of
collided turbulence is an effective contribution to the bubble
breakup process based on the change of surface energy [20].
The energy exchange mechanism is taken into analysis be-
tween vortex and surface configuration.

The papers [21, 22] present the results of research about
the operating pressure that describes the rate of injection
velocity. This velocity will generate flow pattern in the
penetrated medium which indicates significant effects
on the hydrodynamics of bubble surround. The turbulent
velocity that occurs will change the gas-liquid medium
and cause bubbles to break up. It is shown that the effect
of pressure is closely related to the bubble breakup behav-
iors. Small-size bubbles tend to follow liquid streams that
are difficult to separate. But there were unresolved issues
related to the effect of pressure on the hydrodynamics of
a bubble surround has been extensively studied by exper-
iment, the underlying mechanism is not well understood.
The pressure operation is one of many factors, for example,
fluid characteristics and properties; operation conditions
(flow capacities, pressure and operation temperature of
fluid) that influence bubble breakup. This approach was
used in [23], however, there was an attempt to construct a
theoretical model for breaking gas bubbles up in the turbu-
lent flow. The theory model is formulated as a calculation
problem in which the change in density is likely to be re-
flected from the distribution of gas bubbles in the turbulent
isotropic flow of incompressible liquid. Bubble breakup
in turbulent flow occurs when the intensity of turbulent
velocity fluctuations exceeds several threshold values.
The condition of turbulent flow intensity and bubble size
supports a bubble break up. Many studies are limited in
revealing the mechanism of bubble splitting.

To overcome the bubble breakup, an artificial technique
is needed for removing or reducing the vortex generation.
By giving additional flow in the direction of injection flow
against the secondary flow at the locus where the vortex
tends to develop could eliminate or reduce the presence
of vortex. The other technique is to take advantage of the
downward pull of the gravitational effect. All this suggests
that it is advisable to conduct a study on the bubble breakup
mechanism to find ways to overcome bubble breakup in the



separation process. On the other hand, the work can contrib-
ute to improving the next design of the device.

This research work is needed to do for determining the
distance between the nozzle and the bubble start to break
up. The distance could indicate what the value of optimum
operational injection velocity when applied in the separation
process. It was an important thing to minimize small or even
micro bubbles trap in the liquid and sticky on the container.
Gas jets are examined in the downward direction to a liquid
and affected some factors that are gas density, liquid viscosi-
ty, nozzle diameter for jet penetration, surface tension of lig-
uid, and gas jet velocity [24]. Penetration air bubbles are to
predict the depth into the liquid pool [25]. The momentum
of the initial jet can also determine the depth.

Bubble breakup is in turbulent flow inside a Plexiglas
pipe [1]. On the other side, this work was to study bubble
breakup in stagnant water by a bubble flow injection. Hy-
drodynamic condition in stagnant liquid there is two states,
these are surface instability and wake vortex while in this
work there are three steps:

1) bubble volume development means height and length
increase;

2) bubble stretching means height decrease and length
proceed increase;

3) bubble collapse means separated volume from the par-
ent bubble to be daughters and a new mother bubble.

Mechanisms of the breakup and distortion experiment of
liquid drops are sprayed in atmosphere with air jet at room
temperature [26]. Meanwhile, this work injected two-phase
flow into stagnant water it can be assumed in the same
analogy with the sprayed liquid drops. The detachment of
bubbles from the nozzle is influenced by the surface tension
of the surrounding fluid. The growth of bubbles increases the
surface tension. Stretching of the bubble surface starts from
the initial growth [27].

The effect of an elongated bubble is formed by solid pack-
ing around it [28]. In this experiment, the elongated bubble
was influenced by hydrodynamic distortion of water. A bub-
ble breakup through a T-junction channel divided to become
two steps: pinch-off and squeezing stage [29]. This paper
proposed a bubble collapse in two models such as sweep and
stretching models. The angular momentum of hydrodynamic
water flow takes a role in the mechanism of the models. The
angular momentum has a high shearing power to tear the
bubble surface.

Two-phase flow injected in quiescence water, the bubble
experiences deformation. Inertial water flow continual-
ly pushes the bubble while hydrodynamic flow patterns
contribute to the bubble change [30, 31]. The flat bubble
surfaces mean the flow patterns over them are streamlined.
On the other hand, the curve bubble surfaces are predict-
ed the flows are vortex. The vortex will be small if it is
pressed between the bubble surface and streamline flow in
static pressure conditions. The small size vortex has high
energy density which has high tearing power to the bubble
surfaces.

The bubble experiences jet flow after the terminal veloci-
ty point, where the bubble still has a high inertial flow force.
The effect of the force, rise second flow over the bubble then
that gets shearing force at the bubble surface. The impact of
two forces is in the opposite direction and then the bubble
gets stretched. The stretched effect makes bubble surface
stress increase. If any added stress on the surface may be the
bubble easy to split up.

The small size vortex with high energy density is easy
to tear the surface. So where the bubble part experiences
breakup, the part can be identified as vortex place. The
vortex will affect the water molecules layer at the bubble
interface. The interface structure consists of water mole-
cules outside the bubble and oxygen and nitrogen molecules
inside it. The water molecules are induced by oxygen and
nitrogen molecules in the bubble. Because hydrogen bonds
in the water molecule are stronger than inducing of oxygen
or nitrogen molecules there is no hydrogen electron dis-
placement. Then the bubble and water make equilibrium
force as the interface. The effect of the impact, water mol-
ecules turn and disturb the equilibrium. The inducing of
nitrogen atoms to hydrogen atoms break at first than oxy-
gen, because induced nitrogen atom is weaker than oxygen.
Interface tearing starts from induced nitrogen to hydrogen
atom in water molecules.

The bubble changing process is studied based on the
image of the experimental observations. Conversely, the
characteristics of this process are analyzed based on predic-
tions from available knowledge. Then this is matched with
the phenomenon of bubble changes due to the complex flow
pattern that is difficult to predict and analyze. The size of
the vortex roughly follows the bubble surface curvature at
the location before the bubble breakup. At least the main
causes can be identified.

3. The aim and objectives of the study

The aim of the study is an investigation of the breakup
mechanism of the bubble separation process in the cyclone
separator which is not desired in the bubble separation. For
obtaining the breakup phenomena, an investigation was
done through simple injection in the water pool.

To achieve this aim, the following objectives are accom-
plished:

— investigate the effects of inertial water flow to the
bubble shape since water flow inertia due to injection tends
to continuously push bubbles to change its shape. The con-
dition of the bubble and its surroundings can be identified
based on the Young-Laplace balance;

— predict the bubble shape changes related to the vorti-
ces generation. This prediction is important since the flow of
water around the bubble tends to follow the surface contours
of the bubble. When there is a region with lower pressure
due to moving the bubble, the flow of water will fill into that
region. Because of the different velocity and direction of
movement of water molecules, vortices arise;

— inspect the bubble stretching due to the interaction
between the bubble inertial force and hydrodynamic force
due to secondary flow;

— identify the cause of the bubbles body part get breakup
since the presence of the vortex induces pressure gradient
around the bubble surface that tends to press the surface of
the bubble towards the pinch off;

—study the tearing mechanism of the bubble interface.
This is important because the changes in the shape of objects
need energy. The energy obtained from around the bubbles is
hydrodynamic energy. The requirement for a bubble to break
up is larger hydrodynamic energy than the surface energy of
the bubble. The highest specific energy in flow patterns is
the small size vortex. Angular momentum from the vortex
impact on the bubble surface causes the interface to tear.



Starting from conventional equipment to improve equip-
ment that is more advanced, lightweight, practical, and
inexpensive in operation, but there are still obstacles that
must be corrected from the results obtained. To examine
this, research is needed from a simplified operation side to
look for causes and effects. For the next step, it is hoped that
there will be new innovations towards improving the results
based on information from the results of this research.

4. Research work methodology

4. 1. Theoretical model

The magnitude of momentum flow injection is followed
by proportionality to the second flow velocity that restricts
the daughter bubble to become low its velocity as illustrated
in Fig. 1.

Daughter bubble velocity =~ Hydrodynamic (Second flow) velocity

Mother bubble velocity
Fig. 1. Velocity diagram at the time of the bubble breakup

A sphere bubble is an ideal shape where around the bub-
ble there is uniform pressure (Fig.2,a). When two-phase
(air-water) flow is injected in quiescent water, the bubble
will deform from sphere to ellipsoid disk shape in the initial
part of the injected flow. Then the bubble is in terminal ve-
locity, the bubble nose becomes near flat surface that means
the surface curve factor value is close to one [32] or outside
pressure of the bubble nose approaches to its inside (Fig. 2, b).
Furthermore, the inertial force of the flow in front of the
bubble nose induces it, after that ellipsoid disk change to be
bullet shape (Fig. 2, ¢).
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Fig. 2. Change of bubble shape in the initial part of injection
flow: @ — sphere shape of a bubble because uniform pressure
surround; b — ellipsoid disk shape is formed by the inertial
force and drag force toward balance at the terminal velocity
point; ¢ — bullet shape is the effect of induced water in front
of the bubble nose

Change from sphere to ellipsoid shape in Cartesian
coordinate, the surface at the x axis region experiences
decreasing of the value of the surface curve factor, x from
point A to A, and at the y axis region increasing of the sur-
face curve factor from point B to B” happens (Fig. 2, b). Af-
ter the terminal velocity point, ellipsoid shape changes the
bullet shape, where surface energy increases from point A’
to A”. On the other hand, point B’ is flattening cause of ef-

fect second flow over this point and also point B” becomes
low surface energy (Fig. 2, ¢). The effect of this, drag area
decreases and then bubble velocity increases again. Under
this condition, the bubble breakup mechanism is started.
In the middle part of the injected flow, the bubble breakup
process has found two models that are sweep and stretching
mechanism models.

4.1.1. Sweep mechanism model

The moving bubble experiences deceleration because
of the restriction effect of the second flow. Meanwhile, the
bubble tail is pushed by the main flow that gets deformation
as a hooky bubble (Fig. 3, a). Hydrodynamic flow patterns
are always following the profile form that is crossed. When
a bubble starts to jet, the bubble surround happen a second
flow. Because of the bubble contours form, the trailing vor-
tex will raise on it (Fig. 3, b). Bubble travel causes rising of
stream velocities of the second flow that will sweep the trail-
ing vortex. The vortex is continuing pressured by water stat-
ic pressure and sweeping of the second flow. Then vortex size
becomes small (Fig.3,c). Assume that linear momentum,
mV is constant and then changes to angular momentum, L as
illustrated in Fig. 4. If vortex radius reduces from 7,y to 74
then infinitesimal water velocity, Vi goes up to V5 or increas-
ing angular velocity, o. Vortex energy density, ep dominates
to tear fragment from the parent bubble (Fig. 3, d).
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Fig. 3. Schematic of sweep model: a — deformed bubble is
the effect of the inertial flow stream; b — rising of trailing
vortex follows the bubble profiles; ¢ — vortex becomes
smaller and stretches between the fragment and parent
bubble; d — breakup bubble because of tearing by small
vortex

The small vortex size has a higher vortex energy den-
sity than the big one (Fig. 4, a). Angular momentum (1)
impact and tear at the bubble interface as Fig. 4, b. The
momentum depended on vortex radius, 7, and a velocity
difference, V=V, — V; of infinitesimal mass, m within time
difference, At. The vortex energy density of water flow (2)
is given on the bubble surface. This is equal to vortex stress,
o, that impact on the interface (3). If allowable surface
stress of the bubble is less than vortex stress, the bubble
breaks up.

Fig. 4 may be explained with three equations below,

L=m-V-r,=m-r’ - 0=1Iw; €))
~lo* —Lo
vw vlﬂ vw
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where E :51 o’ is infinitesimal water flow kinetic energy,
I is rotation mass, V_ is infinitesimal water volume, and

A, is bubble surface area unit.

At lWater static pressure

Second flow

V ortex
a

Interface

O; !
Bubble A, ‘#mV, r, = angular momentum

Fig. 4. Change of a small vortex: a — vortex radius decreases
from radius r,q to r,» and velocity Vi<V,,
b — angular momentum impact at bubble interface

Inducing of water flow inertia affected to elongate the
parent bubble nose and then the second flow streams swept
the hooky bubble tail to different position, so the fragment
twisted and then detached from the parent bubble. The
kinetic energy of the second flow changed the bubble to be
mother and daughter bubble forming energy and new second
flow kinetic energy (Fig. 3, d).

4.1. 2. Stretching mechanism model

This model is a bubble flow with its inertial force and
viscous force restricting it. The bubble gets stretched then
splits up (Fig. 5).

Hydrodynamic flow around the bubble affects water
pressure on the bubble surface. The second flow moves
away from the bubble, water pressure on the surface be-
comes low or the bubble expands (Fig. 5, ). Water streams
shear the bubble surface and the bubble moves against. Hy-
drodynamic pressure always presses the surface (Fig. 5, b).
When bubble volume increases and its pressure decreases it
makes the bubble surface unstable. This means the bubble
surface is easy to deform. The bubble deforms when it is
distorted by the second flow (Fig. 5, ¢). When the bubble is
in deep water, the static pressure or vortex plays to press it.
Bubble ends are stretched by the viscous force of the second
flow and inertial force of bubble flow and then the bubble
splits up (Fig. 5, d).

When the second flow flows over the bubble it gets vis-
cous force significantly because of the rounded contour of
the bubble surface. On the other hand, the bubble surface is
pressed by the second flow pressure, Py (Fig. 6, a). So, the
convex shape of the surface becomes flat. The resultant force,
Fg (combination of inertial force of the bubble, F;; and viscous
force, Fy) and inertial force of water make the bubble to be ca-
noe shape. In addition, the second flow pressure is distributed
to any directions at the surface as surface stress (Fig. 6, b).

Then, the bubble is in the Young-Laplace balance (4). After
that, the bubble surface is stretched by the inertial force of
the bubble and the second flow coincides with the vortex.
The surface stress, ¢ increases to be a new surface stress,
o’. Surface curvature (Fig. 6, ¢) is influenced by the bubble
outside pressure, which is characterized by the surface curve
factor, k. For convex surface at point A, k>1, flat surface at
point B, k=1 and concave surface at point C, k<1. If the bub-
ble is slightly concave it is at first start to collapse.
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Fig. 5. Schematic of stretching model: a — a bubble expands
with moving effect of the second flow; b — expanded
bubble is deformed by the inertial force of the bubble and
hydrodynamic pressure; ¢ — stretched bubble effect of the
viscous force of the second flow and water inertial force in
front of the bubble nose; d — the bubble splitting process
because of external force stress larger than allowable
surface stress

Second flow pressure pushed the bubble surface from
point of A to B and then continued by vortex from point
of B to C. Adding pressure of the second flow to the sur-
face, curve factor decreased from one value at point B to
less than one (x’). Moreover, gas pressure, Pg is slightly
increased to be a new gas pressure, P’ and than the bubble
towards a new balance as of (5). If the left side is less than
the right side, this means the collapse process of the bubble
is happening.

P, =P, +xo, 4

P =P, +x'c’+P, ®)



where at first the bubble in balance as eq. 4 then to be a new
balance as eq. 5 because vortex presses on it. The effect of
vortex pressure on the bubble surface, the specific surface
energy, ko becomes «'c".
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Fig. 6. Bubble stretching mechanism: a — flow across the
bubble is the effect of the bubble flow; b — pressure force
balance is to follow outside pressure condition;
¢ — stretching bubble cause of the second flow restriction
force against the bubble inertial flow force

4. 2. Experimental setup

The test bed used for the experiment is a water bath with
sizes, length 100 cm, height 20 cm, and depth 20 cm. The sy-
ringe is connected with the nozzle line where the outlet of it is
placed on the centre of 20x20 ¢m plane as in Fig. 7. The syringe
and the nozzle line are filled with clean water. A single bubble is
made by inserting manner of a lengthen pipette with a tiny flex-
ible tube into the nozzle line. The end of the tiny tube is placed
around the middle nozzle line. The relative size of the bubble
can be determined by crushing rubber of the pipette. Now a
bubble is available inside the nozzle line, after that it is injected
in the water bath by the impact on the push-rod of the syringe.

2"

-4 y v

A lengthen‘ pipette
Syringe H=T _F—— > oo
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Digital high speed camera

—=» Drain

A single bubble
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Fig. 7. Sketch of two-phase flow injection test bed

The image of the bubble flow in the quiescent water
will be captured by Fuji Film Finepix HS 55 Exr digital
high-speed camera with lighting aid of the lamp and the
infrared LED (Fig. 8).
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Fig. 8. Horizontal bubble injection flow images

This research work is focused on the bubbles breakup
mechanism process. The image (Fig. 8) of the bubbles is used
as investigation.

5. Results and angular momentum tearing mechanism
investigation

The bubble breakup mechanism was investigated based
on images captured (Fig. 8). Because of arbitrary bubbles
shape, logical approaching of its shape or representative
size of the main object observations was used in the inves-
tigation.

A bubble is pushed by inertial water flow from the
bubble tail to become an arbitrary bubble shape as a hooky
bubble (Fig.9). This shape is affected by hydrodynamic
flow pattern while expanding and it increases the bubble
drag (Fig. 10). The water stream of the second flow induces
the bubble surface that makes its surface unstable.

Fig. 9. Hooky bubble is formed by the inertial injection force
and hydrodynamic flow force surround

Fig. 10. Expanded bubble is the effect of
decreasing pressure surround that is influenced by
the hydrodynamic flow pattern

Meanwhile, the parent bubble velocity is slightly increas-
ing so its drag gets low which is affected by the second flow
distortion. Fragment bubble velocity is slightly decreasing
because it crashes with the second flow velocity. Parent
and fragment have different velocity magnitudes, which
means the bubble experiences stretching. If the bubble gets
stretched, its drag becomes low so that the velocity increas-
es. Furthermore, the parent bubble velocity decreases, and
then increasing is continued again. It can be identified as
maximum drag at the moment. It is shown in the figure of
the parent bubble curve (Fig. 11). Furthermore, increasing
of the parent velocity affects strengthening of the second
velocity. The shear force on the bubble surface is becoming
different velocity between the fragment and parent bubble
as illustrated in Fig. 11. This is as stretching phenomena on
the bubble.

Water inertial flow of injection determines the bubble
shape as Fig. 2. Hydrodynamic flow pattern is determined



by the shape. Increasing of the second flow velocity affects
vortices rising on the bubble surround. Vortex energy
density continually increases up to the fragment detach
from the parent bubble that is contributed by the second
flow. Specific hydrodynamic energy for the bubble detach-
ment is the difference of energy between the parent and
fragment (Fig. 12).
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Fig. 11. Velocity of the fragment and parent bubble is
in the breakup process
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Fig. 12. Specific energy in the bubble collapse process

Reducing of the bubble mass is detached to split of frag-
ment become mother and daughter bubble. In addition, the
mother bubble drag gets decreased or increased in its veloc-
ity that is indicated in the sharpened shape of the bubble
nose. The more sharpened shape shows the inertial force of
the bubble, Fj, and hydrodynamic force, Fj,q increase as the
function of inertial bubble velocity, V;;, and hydrodynamic
velocity, Vi,q respectively. Bubble stretching happens when
the inertial force of the bubble is opposite to the shear force
or hydrodynamic force on the bubble surface (Fig. 13). Any
time the mother bubble velocity increases in stagnant water,
it will strengthen the wake vortices on the bubble tail sur-
round. The energy density of these wake vortices breaks the
mother bubble up to be several small bubbles as daughter
bubbles (Fig. 14).

Fig. 13. Stretched bubble by inertial and
hydrodynamic force

Fig. 14. Breakage bubble is the effect of vortices surround

Along bubble moving, the bubble experiences a change of
its volume (3D) that is represented by an area change in 2D.
It is assumed that bubble sides only applied the same value
of water height static pressure. Meanwhile, on the lower
and upper of the bubble it is different height of water deep.
Because the bubble is small, the pressure on it around is
assumed as uniform. Moreover, the internal bubble pressure
gets decreased as the effect of hydrodynamic and inertial
force. Fig. 10 illustrates expanding of the bubble volume
that slightly decreases the inside pressure of the bubble.
Expanded bubble volume can be identified by the change of
bubble length from €; to €5 (£;<05) and bubble height from %,
to hy (h1<hj). There are two possibilities of bubble collapse,
Ps>P;+xo means bubble growth (gas pressure increases or
liquid pressure decreases) and P; <P;+xc means bubble pen-
etration (gas pressure decreases or liquid pressure increases).
Eq. (4) becomes

PG_PL ZPG_PL
K 2

o= R (6)

where k=2/R; 0<x<1 interface starts to tear or unstable
condition where the bubble may be collapsed or back to the
previous shape, it depends on surrounding condition. Shape
change of the bubble causes interface stress, o as the effect
of the bubble radius, R. If the stress is more than allowed
interface stress, the bubble gets collapsed.

Naturally, the bubble follows the Young-Laplace bal-
ance. Change of the surface is the effect of different pres-
sure between the bubble and surrounding pressure [15].
For the moment, pull on the bubble surface is the effect
of the initial liquid slug injection [5]. Both of these work
conditions continuously and tend to increase up to the
bubble breakup. Change of conditions usually follows a
new balance that affects the change of the bubble shape as
illustrated in Fig. 5.
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Fig. 15. Steps of bubble break up: bubble length and height
have an increased trend, the opposite trend indicates
stretched bubble, and the same down trend is the bubble
breakup



Fig. 15, the size of bubble length and bubble height is
getting increased, it means that the bubble is in stretching.
The bubble has the inertial force and the second flow force
shears the bubble surface in the opposite direction. Mean-
while, bubble length increases and bubble height decreases,
the bubble experiences yield or detachment process. Air mol-
ecules in the bubble make the estrangement process. Finally,
bubble length and bubble height are the same in decreasing
of size, the bubble has broken up. Fragment and parent bub-
bles do not influence each other.

6. Discussion of experimental results

Decreasing of bubble pressure and eddy effect may
change the curve factor value. Based on the Young-Laplace
principle, when liquid pressure, P, becomes higher than gas
pressure, Pg so that the bubble is penetrated by the liquid
pressure. The bubble breakup is caused by a significant effect
of pressure [7]. Besides that, wake available on the part of
the bubble curve will trigger the bubble collapse.

The bubble shape is influenced by fluid hydrodynamics.
Penetration of eddy flow changes the bubble surface be-
cause flow energy density is higher than the surface energy
density. Moreover, the bubble breaks up to deform be a new
balance as daughters and a mother bubble.

Injected bubble in the deep place of water tends to short-
en the vortex radii. The vortex is pressured by the static
pressure of water. Then the vortex energy density increases
towards bubble break up. Initially, the deformed bubble is
subjected to a stagnation pressure on the bubble surface and
then it is stretched by the inertial and hydrodynamic force
on both its ends (Fig. 13). The effect of an elongated bubble,
the bubble volume increases and gas pressure inside one
decreases, and then the Young-Laplace balance is disturbed.
Surface tension increases, the bubble surface becomes unsta-
ble (0<k<1) as illustrated in Fig. 16. Curve factor changes
from x>1 (convex shape) to become k<1 (concave shape)
value because of hydrodynamic flow [32]. The bubble surface
experiences hydrodynamic stress, o;. Available vortex close to
the bubble adds stretching on the surface as vortex stress, c,.
The bubble attempts to toward the Young-Laplace balance
by collapsing itself. Part of the bubble tail is not stable be-
cause of hydrodynamic effect and mainly wake effect. The
sum of them is as applied stress on the bubble surface, o,
which has total value stress, S;,;. The bubble collapsing pro-
cess resembles what had been investigated experimentally in
two steps, these are pinch-off step and squeezing step [29].
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Fig. 16. Sketch of a local interface: @ — deformed interface
gets stress because of the impact of hydrodynamic surround;
b — interface stress because of vortex; ¢ — illustration of
interface stress distribution on a local interface

When ambient pressure on a bubble is lower than the
inner pressure which effect of bubble dynamic behaviour,
the bubble expands towards the ambient [33]. Because of

the arbitrary bubble shape, the expanded bubble is pre-
dicted by measuring the shape with two dimensions as
shown in Fig. 10. The bubble height and length increase
and then combine both of them as area change. This indi-
cates the change of volume by neglecting the bubble depth
dimension. The expanded bubble volume is the evidence
of pressure decrease. The bubble length elongates starting
from the terminal velocity point to the fragment detaches
from the parent bubble. Moving of each bubble surface
by its velocity and probably deform cause a liquid act
effect [34]. Deformation is in induced mechanic to a
locked air volume can produce single bubbles [35]. In this
case, a section area or a diameter equivalent of the mother
bubble gets low and consequently the bubble drag decreas-
es and the bubble velocity increases. After that, water
stream changes wakes around the parent bubble tail that
causes the fractured bubble tail part. The wakes contact
with the fragments, consequently they tear the parts of the
parent bubble tail into several sub volumes (or fragments)
illustrated in Fig. 14. The stretch of the particle before
breakup and then interaction with turbulent eddies causes
the particle break up [36]. Turbulence is the main cause of
bubble breakup [9].

Bubble breakup happens continuously up to wake ener-
gy density is equal to the bubbles surface energy or lack of
bubble breakup energy. In other words, small bubbles have
higher shape energy than surround them.

The bubble breakup is studied molecularly that is sep-
arate between molecules bond than atoms bond. Atoms
bond is stronger than molecules bonds. A bubble consists
of Oxygen and Nitrogen molecules, which have a nonpolar
molecule. Meanwhile, water around the bubble has a polar
molecule. Oxygen and Nitrogen molecules induce Hydrogen
atoms and form interface. Water and a bubble make a force
balance molecularly at the interface in Fig. 17.
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Fig. 17. Water flow turns dipole force, F4 of water molecules
at the interface

The dipole force of the water molecule at the interface,
F41 and dipole force of the water molecule in the water flow,
F» form the resultant force, R. If there is molecule movement
of water flow, this dipole force of the water molecule at the
interface is getting add water flow force, Fy;, become Fyo
plus Fzo;. Then, the resultant force, R turns to become a new
resultant force, R. This new resultant force will tear the
interface and the bubble breaks up if the stress is over the
allowed interface stress.

Water flow has kinetic energy which is transferred to
water molecules at the interface [37, 38]. The flow will turn
the water molecule that is followed by dipole force turn-
ing [39]. A polar substance is more easily polarized than a
nonpolar substance [40]. The turning of water molecules
makes its Hydrogen atom to Oxygen and Nitrogen atoms
of the bubble vibrate [41]. Then the interface of the bubble
is stretch. This interface may tear if the induce force is less



than the hydrodynamic force. The induce force, F between
molecules can be determined by the Coulomb equation (7).

F:k(‘fﬁq_), (7)

where £ is a proportionality constant, g* is positive charge, ¢
is negative charge, and r is the separation distance.

Atom configuration of Oxygen and Nitrogen to Hy-
drogen (Fig. 18) shows the distance of the orbital electron
charge that Nitrogen-Hydrogen (ry.p) is longer than Ox-
ygen-Hydrogen (ro.1). Based on Equation (7), the induce
force of Nitrogen is smaller than of Oxygen. Hydrogen
charges are always induced by Oxygen and Nitrogen mol-
ecules [41]. While an individual hydrogen bond at a water
molecule is stronger than between an individual bond of
Nitrogen and Hydrogen. Because of water moving, Hydro-
gen to Nitrogen bond experiences stretching and may then
start to tear.
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Fig. 18. Distance of Hydrogen charge to Oxygen and
Nitrogen charge

Hydrogen atoms in the water are induced by Oxygen
and Nitrogen molecules of the bubble. The dipole force
vector of water at the interface is turned by the dipole force
vector of water flow (Fig. 17). If weaken water flow turns
the dipole force vector of water at the interface, the bubble
only deforms its shape. In contrast, the angular momentum
of strong water flow crashes the molecule of water at the
interface and then turns its dipole force vector. The angular
momentum makes the interface tear. Forming a new moment
dipole is the result of the dipole force turning that can tear
the interface [42]. Vortex is very strong to turn the dipole
force of water at the interface (Fig. 19). Because the induced
force between hydrogen and oxygen is stronger than hydro-
gen and nitrogen, the bubble tear starts from the bonds of the
Hydrogen atom of water molecules to the Nitrogen atom of
Nitrogen molecules [37].

After tear of the interface, the bubble is easy to break up
because molecule bonds between Oxygen and Nitrogen in
the bubble are very weak. Furthermore, the bubble breaks
up into several parts.

This research is still looking for the root of the problems
and has not been adjusted to the real application. Further
research is needed to try horizontal injection towards the

curved wall as like GLCC and continued by downward in-
cline injection towards the curved wall. Possible restrictions
to results where fluid viscosity is different and may be not
uniform that results will be different from those studied. But
at least there are problems that can be identified.

H H H
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A bubble

Fig. 19. Vortex turns the dipole force that can create a dipole
moment between Nitrogen atoms and water molecules at
the interface

This research can be developed step by step to reduce
the complex hydrodynamic flow in the device with an ef-
fort to overcome any problems, those are found towards a
perfect device design. This research is a part of a number
of problems and it is far from exactly perfect. Difficulties
available in the development of this research are looking
for ways to overcome problems and adjust to the conditions
of available devices.

7. Conclusions

1. The inertial flow of water is an important role to de-
form a bubble which affects its flow pattern.

2. A sharp bubble flow causes the increase of the sec-
ond velocity of water then creates vortex following bubble
profiles. The vortex with a higher energy density due to
strengthening by a static water pressure triggers to break
the bubble up.

3. The fragment of the bubble detaches from the par-
ent bubble, the water stream around the mother bubble
distorts the bubble tail, and the bubble inertial force
pushes the bubble nose toward. The bubble gets stretched.
Then the middle part of the bubble gets increased stress.
For the bubble toward in balance condition, the bubble
splits itself.

4. Wake vortices behind the bubble tail affect the bubble
surfaces. Static pressure of water supports to reduce vorti-
ces size or increases the energy density of vortices. Because
vortices stress is larger than the interface stress value, the
bubble tail cannot stand to angular momentum.

5. Hydrogen bonds to Nitrogen are weaker than to Oxy-
gen. When the weak bonds are applied any forces, the bonds
become stress and then fracture. The interface starts to tear
at the weak bonds, moreover the bubble is broken up.
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