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1. Introduction

In the cases of two-phase flow, such as those encountered
in a gas separator, particularly in liquid-gas interfaces, not
all the gases can be separated mechanically during injection.
One of the problems in the two-phase flow, which occurs
during the horizontal injection through stagnant liquids, such
as water, is attributed to the behavior of the bubble, which is
related to the operational performance of the injector. The
restriction force of a bubble in a two-phase flow system is
not constant compared to that generated in a solid body. The
frontal area of the bubble can be developed up to a maximum
at the terminal velocity. This obstructs the bubble separation
process. The restriction force of the bubble in the water flow
is influenced by the shape of the bubble. The different forms of
bubble deformation around the interface between the bubble
surface and the water depend on the hydrodynamic forces that
are associated with the patterns of liquid flow [1].
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The existence of bubble growth will affect the flow
pattern around the bubble. So this flow pattern influences
each other. Bubble growth and changes in flow patterns
will decrease the speed of the two-phase injection flow. The
decrease of injection speed will reduce the magnitude of
centrifugal force in the cyclonic separator. The function of
centrifugal force is a separation between bubbles and water
in the separator. The separation process of the bubbles in the
cyclone separator does not give satisfactory results, namely
the bubbles that still follow with the water flow. For this rea-
son, research is needed to obtain operational improvement.

2. Literature review and problem statement

The paper [2] presents the results of research about ex-
perimental and theoretical study that focuses on the hydro-
dynamic flow behaviour applied in a Gas-Liquid Cylindrical



Cyclone (GLCC) compact separator. Works on GLCC have
succeeded in field application, which has a real impact on
technology for the industry. It is shown that the tangential
inlet of injection gives a swirling motion and makes the gas
and liquid phases separated by the centrifugal and gravi-
tational forces. The liquid mass is higher than gas, which
is impelled to the cylinder wall and flows down by gravity,
while the gas is forced towards the center of the cyclone and
moves up. But there were unresolved issues related to the
lack of models and data and a little understanding of hy-
drodynamic flow behavior in the GLCC and needed further
research and development. The reason for this may be un-
derstanding about the flow behavior in the GLCC that will
help the development of the GLCC as an attractive choice
than the conventional separator. In the injection operation,
the bubble content will be influenced by many factors, for
example, fluid characteristics and properties; operation con-
ditions (flow capacities, pressure and operation temperature
of fluid); diameter and position of the nozzle. In the flow
physics, current understanding for detailed phase separation
and interaction during the operation is still very limited, and
it is even worse for operation at the off-design condition that
could have a significant influence on the nominal perfor-
mance of flow injection. A way to overcome these difficulties
can be investigating a part of many causes of the problems.
The method used requires a simpler research to look for caus-
es and effects, which is then further refined. This approach
was used in [3], however, the program was performed in
several tests for the phase separation and flow hydrodynamic
processes. This work explains the principles of the operation-
al cyclone separator by revealing laboratory and field data
and gives the modelling foundations. The laboratory tests
were conducted in simple models operating with mixtures
of air and water. All this suggests that it is advisable to
conduct a study on technology for offshore operations that
is very costly, especially for the required size and weight,
strong structures are needed. To exploit offshore oil reserves,
it is needed to reduce equipment costs, inspiring the new
research by improving gas-liquid separation techniques.

This study aimed to investigate the behavior of a bubble
when it is initially injected along the horizontal direction in
stagnant water. The specific sub-aims are to:

— study the effects of fluid flow on the shape of the
bubble;

— mathematically model the changes of the bubble shape
related to the frontal area that affects the efficiency of the
bubble separation;

— identify the terminal velocity point or the maximum
frontal area.

The behavior of a single bubble in terms of liquid phase
properties and bubble sizes has been studied previously [4].
The velocity of a bubble moving in a liquid depends on a
number of factors, such as the bubble size, the interfacial
tension, and the viscosity and density of the liquid [5].
Therefore, the velocity and shape of a single bubble are
interrelated. Studies have also been conducted on shape
deformations and aspect ratios of the bubbles injected in the
upward direction from the initial injection phase to the stage
at which the bubble attained its terminal velocity [6]. It has
been shown in many experiments that the force of gravity,
buoyancy, and momentum of water flow affect the shape of
the bubble [5,7]. Accordingly, the effects of the pressure
field on the growth of the bubble and on the deformation of
its shape post-injection have been investigated [7].

Another study was also conducted to assess the accuracy
of the length of void penetration in blowdown pipes that
were submerged in water to force the gas in the containment
pool, similar to the case of a gas line [8]. Research was also
conducted to study the formation of the bubble following gas
injection into turbulent, downward-flowing water, through
a submerged pipe in a water pond [9]. It was found that
during the early steps of injection, the diameter of the pipe
affected the bubble size. The bubble size increased as the
gas-injection flow rate increased and as the liquid velocity
in the downward flow decreased. A study was carried out
to characterize the parameters of the gas-liquid interface
within a downward jet in a circular bubble column [10]. It
was found that the interfacial area had a profound influence
on the slip velocity of the bubble. When a bubble is pushed by
the inertial force exerted at its tail, it deforms from its orig-
inal spherical shape to attain an ellipsoidal disk shape [11].
The bubble shape is controlled by the surface tension and
the inertial force of the bubble in water. The viscous force
has a small influence on the bubble shape, which is normally
ignored [12]. The bubble undergoes changes in shape that
are influenced by the pattern of the fluid flow around it [13].
At the bubble nose, the bubble surface changes from a flat to
a convex form within a short time period. Correspondingly,
the end-part of the bubble, which is sharp, has a higher sur-
face energy. The effect of the inertial force or kinetic energy
in the end-part is delivered to other parts, which have lower
energies. The neck form of the bubble surface indicates the
onset of the bubble breakup. This is analogous to the increase
of the surface energy density of a droplet fragment compared
to that of the original bubble before breakup [14].

A recent study reported that a vortex ring travels at
the inlet beat velocity, rolls up, and is then transmitted
downstream to form a shear layer [15]. If the layer contacts
the bubble surface, it can change the shape of the bubble.
The nature of the vortex ring is established by considering
the intensity of the kinetic energy, the momentum, and the
movement of the vortex ring from the circling jet into the
primary vortex ring [16]. After the bubble is in contact with
the vortex ring, the bubble continues to pinch-off. This is
a fast process, which occurs near the breakup point. The
breakup of the air bubble has been observed in submerged
nozzles in different liquids [17].

The significance of this research work is attributed to the
fact that it can predict the energy absorbed by the bubble, as
evidenced by the physical appearance of the bubble. From
the onset of the injection flow to the instant at which the
terminal velocity is attained, the bubble deformation occurs
gradually. This means that there is an energy change from
kinetic to surface. From the first to the last points of bubble
movements (terminal velocity state), there are equilibrium
forces between the inertial and the drag forces [18]. The drag
force occurs in the frontal area and can restrict the liquid
flow. In a cyclonic separator device, this is very disturbing
because of the decreased centrifugal force.

Another study was conducted to evaluate the bubble
flow injection vertically in quiescent water [6]. An air bubble
was detached from the nozzle at the first step. The kinetic
energy of the bubble was used to overcome the drag and
the fluid viscosity, which deformed the bubble shape from a
bullet to a spherical shape. At the second step, the spherical
bubble changed to an ellipsoidal form as the kinetic energy
transformed to surface energy based on the increase of the
bubble surface area [19].



Many researchers studied the bubble flow injection based
on upward and downward modes. The bubbles were subjected
to gravitational force. In this research, a bubble was horizon-
tally injected through stagnant water without the influences
of gravitational forces. In the upward and downward flow
injections, the bubble drag was affected by the buoyancy and
gravity forces. However, in horizontal flow injection cases,
it was only affected by the inertial force. The bubbles were
injected into a turbulent flow of liquid along a horizontal
line [20]. In this research, a bubble was horizontally injected
in a stagnant water bath. A mathematical formulation can be
used as a basic reference for the prediction of the frontal area
based on the restriction of the flow velocity of injection. The
bubble injection process during a transient stage can provide
insights for an improved design of the separation device.

Bubble separation process in a cyclone separator is
difficult to predict because of many factors, one of them is
hydrodynamic flow patterns [3]. This simple research tries
to investigate flow injection of a bubble in stagnant water.
By investigating bubble behaviour, two-phase flow injection
gets a flow pattern that can influence bubble movement and
bubble size. Measurement of bubble size is needed for the in-
dication of bubble change. Bubble shape always changes, so
the flow pattern is difficult to determine. At least the main
flow patterns can be known.

In the injection process, the bubble size is increased and
then the decrease in its size at certain time occurs, between
the interval sizes there is a peak point. This point indicates
a maximum size of the frontal area. This area has a diameter,
which is important taken part in the mathematical model.

Drag force is proportional to the frontal area in the
water injection. If the water flow velocity decreases, this is
followed by increasing frontal area. This area continues to
increase starting from the outlet nozzle up to the early de-
crease in its size. Finally, the terminal velocity point can be
determined before a decrease of the bubble size.

3. The aim and objectives of the study

The aim of the study is an investigation of the perfor-
mance of the bubble separation process in the cyclone separa-
tor, which does not provide satisfactory results. This study
needs to do a simple injected model to obtain information on
the behavior of the hydrodynamic mechanism for operation-
al improvement.

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

— calculating the maximum growth of bubbles is achieved
by a mathematical approach. To compare this prediction it is
important to trace the bubble growth experimentally;

— measuring a bubble size from the exit nozzle to the fol-
lowing terminal point is to indicate the change of the frontal
area at initial injection. How large is the frontal area that
can be achieved;

— comparing theoretical and experimental changes to
predict the cause of bubble changes.

4. Research work methodology

4. 1. Theoretical model
When a bubble exits from the outlet of the nozzle
through the static water in a cylinder, the inertial force, F;,

which acts on the bubble will be counterbalanced by a drag
force, Fp, and by a viscous force, Fy, as expressed by eq. (1):

F=F,+F, M

During the bubble travel, an increase of Fp will be fol-
lowed by a decrease of Fy. The radius of the sphere geometry,
which is initially the same as that of the cylinder core, in-
creases and causes the bubble to expand if the surrounding
pressure is uniform, as shown in Fig. 1.

The magnitude of the viscous force of the sphere is small-
er than that of the cylindrical form because of the decrease of
the shearing surface area. When the momentum or inertial
force of the water flow is continually applied to the sphere,
its shape changes to an ellipsoidal disk, as shown in Fig. 2,
with a, b, and ¢ being the radii of the core with respect to the
x, y, and z axes, respectively. Consequently, the drag force
increases to a maximum value, and the viscous force decreas-
es to a minimum value, and even approaches zero. This is in
accordance with the studies of the terminal velocity of single
bubbles [6] and has also been discussed on the shape and mo-
tion of air bubbles [12], which stated that the viscous force is
much smaller than the inertial and surface (or drag) forces.

Fig. 1. Change in the bubble shape from cylindrical to
spherical forms

Fig. 2. Change in the bubble shape from a spherical to an
ellipsoidal disk form

When the viscous force reduces to zero, the shearing
surface area approaches zero, and the frontal area (drag area)
increases. Accordingly, eq. (1) can be rewritten as:

Fi:FD, (2)

Because the inertial force on the back side of the bubble
(xr-axis direction) is continually exerted on the spherical bub-
ble, the shape of the bubble changes to an ellipsoidal disk. The
change in the position vector in the y direction is assumed to
be the same as that along the z direction because a) the bubble
shape is small or b) because the water depth in the case of
the bubble that is very small becomes similar to the bubble
radius. The difference of the static pressures on the bubble
surface on the y and z axes is not significant.

When the terminal velocity is achieved in the case of
horizontal bubble flow, there is no change in the frontal area
of the bubble. A fraction of the kinetic energy of the flow is
transferred to the surface bubble energy. The density of the
surface energy on the edge of the ellipsoidal disk of the bub-
ble increases to its maximum value.



Based on eq. (2), whereby F; is equal to Fp, the bubble
velocity o can be expressed as a function of the drag coeffi-
cient, Cp, time, ¢, and bubble radius, 7,:

87,
3C,t

0=

3

From eq. (3), decreasing the radius 7y in the x direction
results in an increase in the frontal area of the bubble.

Bubbles rise through a stagnant liquid owing to gravity
and buoyancy forces. In contrast, the bubble motion in hor-
izontal flow injection cases is influenced by the force of the
liquid flow. Thus, the gravity and buoyancy forces on the
vertically moving bubble can be analogous to the momentum
on the horizontally moving bubble. If the form of the vertical
moving bubble is similar to the form of the horizontally mov-
ing bubble, the Cp formulation of eq. (4) can be adopted. The
model for the drag coefficient Cp depends on the Reynolds
number Re of the deformed bubble, such as the case of the
ellipsoidal bubble [21, 22]
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It should be noted that the bubble width decreases after
the bubble exits from the outlet of the nozzle up to the instant
at which the terminal velocity is attained. Coincidently, the
frontal area of the bubble starts to expand in any radial
direction. As the bubble shape changes to an ellipsoidal, the
spherical radii of a decrease. The reduction of a is followed
by the increase in b and c. As the magnitude of b is the same
as that of ¢, the formula of the ellipsoidal disk is given by:

x2 y2+22_

p [ =1. (%)

The changes of the radius, which are affected by the
inertial force can be analyzed according to the position
vector (Fig. 3).

X=y xz
x:|y|~|z|sin90°
xX=y-z

Fig. 3. Vector of momentum along the negative x direction is
radially distributed in the frontal y-z plane

Because the size of the bubble is very small, it can be
assumed that the difference in water depth between its
top and its bottom is not significant. As the bubble shape
becomes ellipsoidal, the frontal area in the x direction has
a circular form. The increment of the ellipsoidal disk radius
in the x direction is the same as those in radial directions
(y and z directions of the Cartesian coordinate system), as
formulated in eq. (6):

X=2-72=12" (6)

where x is the vector area of the quadrangular, and z is the
vector radius of the spherical bubble. Fig. 4, a shows the

change in the bubble shape due to the changes of the radii
in the x, y, and z directions. The size of the bubble decreases
in the x direction and increases in the y and z directions.
Fig. 4, b shows that the enlarged spread of the bubble frontal
area in the radial directions is a function of time ¢ because
the water flow continually pushes on it. This means that the
linear momentum change in the x direction is converted to
the quadratic function of the frontal area in the y and z di-
rections. The incremental changes of the radii in (6) are then
adapted using the derivation formulated in (7):

dz=Ladx, )

2 1 y=a circle

>y

Fig. 4. Bubble deformation:
a — change in the x-z plane;
b — change in the frontal area in the y-z plane

The frontal area of the bubble can be determined from
eq. (5). As the change in the frontal area is a function of
time, eq. (5) is required to be re-expressed as a function of ¢:

2

2y2=b2—b—2x2, ©)
a

b2
4dydy = ——2xdx, ©))
a

where from eq. 3, if 7, as a radius of a:

a =§Cth.

3 (10)

To find the change in the frontal area (A.;), both sides
of (9) are multiplied by n/2 and are then integrated.

Yn=by 2 Xn=ay

b
A, = y:[b 2mydy = 22" xﬂ‘[a 2xdx =
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where 7 is the time order (1, 2, 3, ...).

(11

4. 2. Experimental setup

The experiment was carried out in a rectangular tub,
which was filled with water. The dimensions of the water
tub in static conditions were 1000 mm (length), 200 mm
(width), and 200 mm (height) (Fig. 5).

A hole was created at a depth of 100 mm in one of the
tub sides as a syringe drain outlet. The bubble was prepared
manually with a pipette with an extended small flexible pipe
inserted into the syringe line. The nozzle of the syringe line
had an inner diameter of 1.5 mm. When the syringe was



pressed, a bubble was created within the water inside the sy-
ringe line. The bubble then arose from the syringe line to the
water in the tub. As the bubble entered the tub, the surface
level of the water was increased. However, the water surface
in the tub was maintained with the use of water overflow.
This method was adopted to maintain the static pressure on
the bubble immediately after its injection from the nozzle
along the horizontal direction.

4 1000 mm

<—+\200mm
L |

A 4
Static water tub; | 1

200 mm

A I
"""" Sl =
! & Lamp and LED ™ Drain
Single bubble High-speed video camera

Fig. 5. Bubble flow injection test bed

(LED: light emitting diode)
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Fig. 6. Bubble formation at the initial injection phase

Fig. 6 shows the bubble exiting from the nozzle at the
initial injection stage. To obtain the two-dimensional image
of the bubble path line, the bubble images were captured by
a high-speed digital camera (Fuji Film Finepix HS55EXR)
at the rate of 480 frames per second. At this rate, the number
of pixels in one frame was equal to 320x112.

5. Results and comparison between the theoretical and
experimental theory

Fig. 7 illustrates the temporal variation of the bubble ve-
locity obtained theoretically and experimentally. The dashed
line plot is the theoretically estimated bubble velocity, while
the solid line plot is that obtained experimentally. The trend
of theoretical velocity evolution agrees very well with the ex-
perimental results for £>0.1 s. The increased similarity of the
experimental data after 0.20 s is attributed to the induction of
the inertial force of the water flow in front of the bubble nose.
However, for ¢<0.1's, the velocity difference between theory
and experiment is very large, which may be attributed to the
discharge loss effect on the outlet nozzle [23].

The change in the bubble shape observed experimentally
is shown in Fig. 8. The result indicates that the shape of the
bubble increases along the z-axis and decreases along the x-ax-
is, thus indicating that the bubble surface is flattened. The
formation of the flat bubble is evidence for the development
of a frontal bubble area. An increase in the bubble frontal area
enhances the drag force of the bubble, which can restrict the
water flow. The analysis of one bubble can be used to predict
the behavior of a number of bubbles generated in the two-
phase flow system, which would induce a larger drag force.
Therefore, the drag force cannot be ignored in the study of
the physical characteristics of the bubble. When the bubbles
coalesce, the drag force will increase, which will restrict the
water flow. In a cyclonic separator, the increase of the drag
force would decrease the centrifugal force, which results in

the decrease of the bubble separation. In contrast, if the bub-
bles break up into very small sizes, the bubble content in the
fluid flow becomes difficult to separate. Bubble separation is
based on the principle of buoyancy force — small bubbles have
a buoyancy force smaller than the inertia force of fluid flow,
with which these small bubbles tend to induce the flow.
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Fig. 7. Theoretical and experimental velocity (mm/s) profiles
of a bubble

In Fig.7, the velocity of experimental data was esti-
mated from the video image movie presented in Fig. 6. The
uncertainty of the velocity of experimental data was £6 %.
It can be seen that the velocity data of the experiment are
lower than the velocity of theoretical analysis at the initial
part that means any losses at the exit nozzle and water drag
along a bubble flow. The end part shows relatively the same
value, because experiment and theory velocities are only
effected drag.
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Fig. 8. Temporal variations of bubble shape in the x and
y axes. Theoretical and experimental values of the x-axis
(black line) are considered equal in computing the difference
between the experimental z-axis value (red line) and
theoretical z-axis value (blue line)

The difference of bubble height (z axis) between experi-
ment and theory indicates the vortex ring plays a role in the
bubble shape. Bubble size gets an increase in the z axis along
the vortex contributes force on the bubble.

A spherical form deforms to an ellipsoid disk form, in
theory causes of its transformation can be predicted. If any
difference between experiment and theory, there are other
causes of what is analyzed in theory.

Change of bubble shape from a sphere to an ellipsoid
causes the frontal area to increase. Frontal area difference
between experimental and theoretical influences each oth-
er hydrodynamic behavior and bubble shape. Frontal area
change is correlation with restriction of hydrodynamic flow.
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Fig. 9. Bubble deformation from a spherical form to
an ellipsoid disk form
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Fig. 10. Theoretical and experimental changes of
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6. Discussion of experimental results

The inertial force of the injection flow changes the
bubble shape from spherical to ellipsoid. Fig.9 shows the
reduction of the bubble size in the x direction, which causes
the bubble elongation in the z direction. The diameter dif-
ferences of the x and z directions indicate the presence of
the surface stress (o) and the curve factor (k) change in the
bubble. As the liquid pressure increases, the surface stress is
increased at the bubble tail. Because the gas pressure inside
the bubble is relatively fixed, the curve factor decreases. The
decrease of « results in the development of bubbles in the y
and z directions [24,25]. This is in accordance with the
energy balance of the bubble as stated by the Young-Laplace
law (pg=xoc+p;), where o is the surface stress, p¢ is the gas
pressure inside the bubble, and py is the liquid (water) pres-
sure outside the bubble [6, 7, 26]. The radii of the bubble in
the x axis (a, horizontal direction) are shortened. In contrast,
the bubble radii of b and ¢ (radial axis) increase because the
surface stress is maximized at the terminal velocity.

During the injection, the kinetic energy of the water flow
is transformed into the surface energy of the bubble and into
the hydrodynamic energy of the vortex ring. These energies
change the shape of the bubble from a sphere to an ellipsoidal
disk, as shown in Fig. 9.

In the initial injection phase, the two-phase liquid-gas
flow has an increased velocity, while the bubble diameter is
not changed significantly (Fig. 10). At this condition, the
momentum of the two-phase (air-water) flow is mainly used
to penetrate stagnant water. Only some of the energy flow
is used for the bubble change (Fig. 11, @). If the bubble is
unbalanced with respect to the surrounding environment,
the bubble shape will change to follow the Young-Laplace
equilibrium. The bubble shape will continually change until
the terminal velocity point because of the inertial and push-
ing forces of the vortex ring (Fig. 11, ). In the tail and the

nose of the bubble, there is equilibrium between the inertial
and drag forces. Moreover, the ellipsoidal disk bubble is in-
duced by the inertial force of the water flow in front of the
bubble (Fig. 11, ¢). The volume displacement of the water
flow creates a pressure decrease in the surrounding area of
the bubble nose. This is due to the surface stress energy that
is transferred from the bubble edge to the bubble nose. This
condition causes the drag to become lower, which causes the
bubble to move in a jet flow form.

Cylind\rical bubble Ellipsoid disk bubble
o= Mk
Straight ﬁozzle j T j: Bubble nose
Trilling vorteX  pybbell bubble  * Vortex ring
a b
Bubble edge

c

Fig. 11. Change in bubble shape: a — cylindrical bubble shape
at the initial injection; b — formation of an ellipsoidal disk
bubble shape owing to vortex rings; ¢ — formation of bubble
jet flow after the terminal velocity is attained

The momentum of the exiting water flow (from the bubble
nose in Fig. 11, ¢), is given by Bernoulli’s equation in eq. (12),
where the suction pressure, p; is the local pressure of suction
in front of the bubble nose, p,, is the water density, V}, is the
bubble velocity, g is gravity, and 4 is the bubble level of the
horizontal flow along the streamline. The water is assumed
to be frictionless with a steady velocity, and incompressible
flow in front of the bubble nose after the terminal velocity is
followed by the moving bubble.

2 2
Py Joygp =L iy g,

12
p, 2 Pu (2

where 1, 2 index position; ~1=h5 is at the horizontal flow.

py= = (VA -V2). (13)

2

The bubble is induced by the decrease of the pressure
drop around the nose. The suction pressure is attributed
to the effect induced by the movement of the water flow,
which leaves the bubble (Fig. 11, ¢). Using a mathematical
approach, the instantaneous suction pressure, p, is the water
pressure minus the suction pressure (p=p;—ps), as expressed

by eq. (14):

p=tp,(V2-V2) (14)

2

The size of the bubble changes owing to the decreased
size of the a axis, and the increased size of the b and ¢ axes.
The size changes of the b and ¢ axes are not as large as that
for the a axis because the b and ¢ axes are radially distributed
on the frontal area of the bubble. In other words, the water
flow from the straight nozzle pushes the bubble at the a axis.



As a result, it shortens the bubble size on this axis, while the
bubble sizes in the b and ¢ axes are increased radially accord-
ing to square power law dependence, as indicated by (7). The
change in the bubble in the ¢ axis is caused by the low pres-
sure on the bubble end-top, which is affected by the water
hydrodynamic stream. A significant parameter of the bubble
dynamics is the bubble shape as it is generally correlated
with the physical nature of the fluid, the size, and velocity
of the bubble [12]. Fig. 9 describes the change in the surface
energy on the bubble. The dynamic force of the water flow
pushes the bubble surface continually [25]. The deformed
bubble in the flattened form is caused by the conversion of
the kinetic energy to the surface energy.

The configuration of the vortex rings created by the
spontaneously formed jets has been experimentally carried
out with a universal time scale [27]. However, a bubble in
two-phase flow was used in this study for the investigation
of the changes of the bubble shape owing to the effects of
vortex rings. The difference between theory and experiment
indicates that there is a traveling vortex ring and vortex
distortion, as also stated with the droplet breakup of a theo-
retical model [14]. The vortex is very strong and deforms the
bubble shape, as illustrated in Fig. 11.

When the two-phase flow is injected through stagnant
water, the water flow around the bubble becomes a wake
flow. It creates bubbles with arbitrary shapes and tends to
separate them into smaller parts. When the bubble experi-
ences water pressure on the tail and nose, the water in front
of the nose resists the moving bubble. This restricts the
speed of the bubble motion, thereby deforming the bubble
into an ellipsoidal disk (Fig. 11, b). The force of flow dynam-
ics exerts on the working line (x axis) of the bubble, which is
valid for analysis when using the Young-Laplace law [6, 7].
An increase in the gas pressure coincides with a decrease
of the surface tension. Meanwhile, the surface tension in
the edge part of the ellipsoidal disk will increase. The edge
surface tension reaches a maximum value at equilibrium
between the inertial force and the drag force or occurs when
the terminal velocity point is reached. The availability of
the second velocity around the bubble nose causes the water
pressure to decrease. The bubble is then conditioned toward
the Young-Laplace equilibrium [6]. The surface tension of
the bubble-end leads to a new Young-Laplace balance in
all the surfaces, which is appropriate given the bubble sur-
roundings. This balanced condition is followed by the shape
deformation toward the theoretically predicted spherical
shape. The deformation associated with the shape change
from an ellipsoidal disk to a sphere will be decreased by the
drag. In addition, if the drag on the bubble nose decreases,
the equilibrium between the inertial and drag forces is dis-
turbed. Therefore, the bubble flows again following a sudden
velocity increase.

The velocity increase of the flow injection cannot break
up a bubble if the energy density of the bubble surface is
higher than that of the water flow. A slight decrease of
the velocity during the movement of the bubble from one
position to the next is often expressed as velocity turning
(or turning angle 0), as illustrated in Fig. 12, a. The shape
change of the bubble follows the Young-Laplace law, which is
balanced by its surrounding pressure (Fig. 12, b). The shear
fields change the bubble shape, which causes the frontal
area of the bubble to increase [28]. This change decreases
the bubble velocity. Accordingly, the maximum frontal
area occurs at the terminal velocity point (Fig. 12, ¢). The

frontal area is the barrier of the flow field in the two-phase
flow. A bubble will experience an increase in the flow-field
barrier when it is injected into the fluid. The behavior of a
single bubble can thus represent the behavior of a number of
bubbles contained in the two-phase flow injection. It is con-
sidered that the bubble decreases the velocity of the water
flow and affects the decrease of the centrifugal force when
it occurs in the cyclonic separator [29]. Other examples can
be found in the charge lines of automotive vehicles in which
the bubbles can affect the discontinuity supply of the charge.
<\

vecosf /

w ﬁ' Low pressure at edge
O J --*High pressure
e —

“*Low pressure at edge

a b c

Fig. 12. Hydrodynamic effects around the bubble:
a — velocity turning with angle 6 owing to the bubble profile;
b — pressure condition of bubble surroundings;
¢ — terminal velocity point achieved upon force balance

It is difficult to measure the magnitudes of the vortices
that restrict the water flow in the two-phase flow injection
in the motionless water. However, this can be solved by ob-
serving the bubble shape changes within the flow field [30].
An increase in the bubble size due to a change in height
(in the z-axis) decreases the length (in the x-axis) of the
bubble. This leads to changes of the drag area in the frontal
area. In Fig. 10, it was indicated that there is a significant
difference between experiment and theory, whereby the
magnitude of the vortex influences the bubble shape in ad-
dition to the influences of the inertia of the water flow. The
largest changes occurred at the point of terminal velocity.
Accordingly, eq. (1) becomes:
F +F.= F,+F,.

, (15)

When the bubble exits the nozzle, the inertial force of wa-
ter gradually decreases, while the vortex force, Fr gradually
increases, as stated by eq. (15). Conversely, from the outlet
nozzle to the terminal velocity point (Fig. 12, ¢), the drag
force increases. Meanwhile, a very small viscous force will
disappear or reach a zero value [6, 12]. Restriction on the
two-phase flow of the solid material does not change, while
the restriction on the two-phase flow of the bubble gas in-
creases and achieves the maximum value when the terminal
velocity condition is reached.

7. Conclusions

1. The growth of bubbles in theory and experiment has
a difference. This is influenced by the presence of hydro-
dynamic flow, which plays a role in changing the shape of
bubbles. The continuous flow of water presses on the bubble
tail and is held by stagnant water on the bubble nose, so the
bubbles change radially at the frontal area. This area is then
matched to the frontal area based on the bubble height in the
experiment. The results show the same trend.

2. Changes in the frontal area of the bubble that contin-
ues to increase then after the terminal velocity point has
decreased, this shows the existence of a maximum frontal



area. The change in the frontal area between theory and  dynamic flow, which increases the frontal area of the bubble.
experiment is significant at the terminal velocity point. This ~ So the drag flow increases, which affects the decrease in
shows that there is the biggest flow resistance. centrifugal force. This force plays a role in the gas-water

3. The bubble size in the experiment is significantly  separation process. This problem indicates that the results
greater than in theory. This shows the existence of hydro-  of the separation are not satisfactory.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

References

Chu, P, Waters, K. E., Finch, J. A. (2016). Break-up in formation of small bubbles: Break-up in a confined volume. Colloids and
Surfaces A: Physicochemical and Engineering Aspects, 503, 88—93. doi: https://doi.org/10.1016/j.colsurfa.2016.05.037
Movafaghian, S., Jaua-Marturet, J. A., Mohan, R. S., Shoham, O., Kouba, G. E. (2000). The effects of geometry, fluid properties
and pressure on the hydrodynamics of gas—liquid cylindrical cyclone separators. International Journal of Multiphase Flow, 26 (6),
999-1018. doi: https://doi.org/10.1016,/50301-9322(99)00076-2

Rosa, E. S, Franga, F. A, Ribeiro, G. S. (2001). The cyclone gas—liquid separator: operation and mechanistic modeling. Journal of
Petroleum Science and Engineering, 32 (2-4), 87-101. doi: https://doi.org/10.1016/s0920-4105(01)00152-8

Bozzano, G., Dente, M. (2001). Shape and terminal velocity of single bubble motion: a novel approach. Computers & Chemical
Engineering, 25 (4-6), 571-576. doi: https://doi.org/10.1016/50098-1354(01)00636-6

Emami, A., Briens, C. (2008). Study of downward gas jets into a liquid. AIChE Journal, 54 (9), 2269—2280. doi: https://doi.org/
10.1002/aic.11524

Tomiyama, A., Celata, G. P, Hosokawa, S., Yoshida, S. (2002). Terminal velocity of single bubbles in surface tension force dominant
regime. International Journal of Multiphase Flow, 28 (9), 1497-1519. doi: https://doi.org/10.1016,/s0301-9322(02)00032-0

Bari, S. D., Robinson, A. J. (2013). Experimental study of gas injected bubble growth from submerged orifices. Experimental Ther-
mal and Fluid Science, 44, 124—137. doi: https://doi.org/10.1016/j.expthermflusci.2012.06.005

Rassame, S., Hibiki, T., Ishii, M. (2016). Void penetration length from air injection through a downward large diameter submerged
pipe in water pool. Annals of Nuclear Energy, 94, 832—840. doi: https://doi.org/10.1016/j.anucene.2016.04.046

Bai, H., Thomas, B. G. (2001). Bubble formation during horizontal gas injection into downward-flowing liquid. Metallurgical and
Materials Transactions B, 32 (6), 1143—1159. doi: https://doi.org/10.1007 /s11663-001-0102-y

Mandal, A. (2010). Characterization of gas-liquid parameters in a down-flow jet loop bubble column. Brazilian Journal of Chemical
Engineering, 27 (2), 253—264. doi: https://doi.org/10.1590,/50104-66322010000200004

Liu, Z., Reitz, R. D. (1997). An analysis of the distortion and breakup mechanisms of high speed liquid drops. International Journal
of Multiphase Flow, 23 (4), 631-650. doi: https://doi.org/10.1016,/s0301-9322(96)00086-9

Liu, L., Yan, H., Zhao, G. (2015). Experimental studies on the shape and motion of air bubbles in viscous liquids. Experimental
Thermal and Fluid Science, 62, 109—121. doi: https://doi.org/10.1016 /j.expthermflusci.2014.11.018

Hinze, J. O. (1955). Fundamentals of the hydrodynamic mechanism of splitting in dispersion processes. AIChE Journal, 1 (3),
289-295. doi: https://doi.org/10.1002/aic.690010303

Han, L., Luo, H., Liu, Y. (2011). A theoretical model for droplet breakup in turbulent dispersions. Chemical Engineering Science,
66 (4), 766—776. doi: https://doi.org/10.1016/j.ces.2010.11.041

Cihonski, A. J., Finn, J. R, Apte, S. V. (2013). Volume displacement effects during bubble entrainment in a travelling vortex ring.
Journal of Fluid Mechanics, 721, 225-267. doi: https://doi.org/10.1017 /jfm.2013.32

Gao, L., Yu, S. C. M. (2010). A model for the pinch-off process of the leading vortex ring in a starting jet. Journal of Fluid Mechanics,
656, 205—-222. doi: https://doi.org/10.1017/s0022112010001138

Jiang, X. E, Zhu, C., Li, H. Z. (2017). Bubble pinch-off in Newtonian and non-Newtonian fluids. Chemical Engineering Science, 170,
98-104. doi: https://doi.org/10.1016 /j.ces.2016.12.057

Tomiyama, A., Kataoka, 1., Zun, I., Sakaguchi, T. (1998). Drag Coefficients of Single Bubbles under Normal and Micro Gravity
Conditions. JSME International Journal Series B, 41 (2), 472-479. doi: https://doi.org/10.1299 /jsmeb.41.472

Vincent, E, Le Goff, A., Lagubeau, G., Quéré, D. (2007). Bouncing Bubbles. The Journal of Adhesion, 83 (10), 897-906. doi: https://
doi.org/10.1080,/00218460701699765

Walter, J. F, Blanch, H. W. (1986). Bubble break-up in gas — liquid bioreactors: Break-up in turbulent flows. The Chemical Engi-
neering Journal, 32 (1), B7-B17. doi: https://doi.org/10.1016,/0300-9467(86)85011-0

Moore, D. W. (1965). The velocity of rise of distorted gas bubbles in a liquid of small viscosity. Journal of Fluid Mechanics, 23 (4),
749-766. doi: https://doi.org/10.1017 /50022112065001660

Aoyama, S., Hayashi, K., Hosokawa, S., Tomiyama, A. (2016). Shapes of ellipsoidal bubbles in infinite stagnant liquids. International
Journal of Multiphase Flow, 79, 23—-30. doi: https://doi.org/10.1016/j.ijmultiphaseflow.2015.10.003

Hreiz, R., Lainé, R., Wu, J., Lemaitre, C., Gentric, C., Fiinfschilling, D. (2014). On the effect of the nozzle design on the performances
of gas—liquid cylindrical cyclone separators. International Journal of Multiphase Flow, 58, 15-26. doi: https://doi.org/10.1016/
j.jmultiphaseflow.2013.08.006

Tomita, Y., Robinson, P. B., Tong, R. P, Blake, J. R. (2002). Growth and collapse of cavitation bubbles near a curved rigid boundary.
Journal of Fluid Mechanics, 466, 259—283. doi: https://doi.org/10.1017,/s0022112002001209

Fei, Y., Pang, M. (2019). A treatment for contaminated interfaces and its application to study the hydrodynamics of a spherical
bubble contaminated by surfactants. Chemical Engineering Science, 200, 87—102. doi: https://doi.org/10.1016/j.ces.2019.01.052



26. Chen, Y., Groll, M. (2006). Dynamics and shape of bubbles on heating surfaces: A simulation study. International Journal of Heat
and Mass Transfer, 49 (5-6), 1115-1128. doi: https://doi.org/10.1016 /j.ijheatmasstransfer.2005.07.053
27. Gharib, M., Rambod, E., Shariff, K. (1998). A universal time scale for vortex ring formation. Journal of Fluid Mechanics, 360,

121-140. doi: https://doi.org/10.1017 /s0022112097008410

28. Canedo, E. L., Favelukis, M., Tadmor, Z., Talmon, Y. (1993). An experimental study of bubble deformation in viscous liquids in
simple shear flow. AIChE Journal, 39 (4), 553—559. doi: https://doi.org/10.1002/aic.690390403

29. Uchiyama, T, Sasaki, S. (2014). Experimental Investigation of the Interaction between Rising Bubbles and Swirling Water Flow.
International Journal of Chemical Engineering, 2014, 1-10. doi: https://doi.org/10.1155/2014 /358241

30. Yuan, D., Xiao, Z., Chen, D., Zhong, Y., Yan, X., Xu, J., Huang, Y. (2016). Numerical Investigation on Bubble Growth and Sliding
Process of Subcooled Flow Boiling in Narrow Rectangular Channel. Science and Technology of Nuclear Installations, 2016, 1-12.

doi: https://doi.org/10.1155,/2016,/7253907

Y oaniii po6omi smma%eui Mce:moau cmpyxkmypro-napa-
Mempuunozo cunme3sy i KiHeMAMU4HO20 aHANi3y napaneiv-
H020 MAHINYASAMOPA 3 MPLOMA CMYNEHAMU C60000U, Wi NPa-
wroe 6 yuninopuuniii cucmemi xoopounam. Ileii napanenvrui
Maninynsmop eidnocumvcs do xaacy RoboMech, ockinviu
6iH NPauloe 3a 3a0AHUMU 3AKOHAMU PYXi6 PoDOH020 Opeany
i npueo0die, wWo CNPowYe cucmemy YnpasaiHHs i NOKPAUYE
ii ounamixy. Iapanenvri maninyasmopu xaacy RoboMech
npaylooms 3 NeGHUMU CMPYKMYPHUMU CXeMamu i zeome-
mpuunumu napamempamu ix aanox. Pozensmymuii napa-
NeNbHUL MAHINYAAMOP POPMYEMbCA WNAAXOM 3’€OHANHS
BUXIONOT MOYUKU 3 OCHOBO10 3 BUKOPUCMAHHAM 00HIET naAcue-
HOi i 080X AKMUGHUX 3AMUKAIOUUX KIHEMAMUMHUX JIAHUI0ZI6
(BKJI). Macuenuii 3KJI mae nyavosy cmynins c60000u i 6in
He HaK1a0ae zeomempunHuil 36 130K HA PYX BUXIOHOT mouKu,
momy zeomempuuni napamempu aanox nacuénozo 3KJI eine-
Ho eapitoromocs. Axkmueni 3KJI maromo axmueni kinemamuy-
Hi napu i 60HU HAKAAOAIOMb 2€0MeMPUIHI 36 A3KU HA PYX
euxionoi mouxu. I'eomempuuni napamempu JaHOK AKMUB-
nux 3KJI suznauaromocs Ha 0CHOBI anpoKCUMAUliHUX 3a0a4
Yebumescokozo i Keadpamuunozo nadauxcens. /s upozo
CKIA0EHO PIBHAHHA 2€0MEMPUHHUX 36 °A3K16 Y 6UNA0L PYHK-
Ul 36ANCEHUX PIZHUUD, AKI NPEOCMABIIEH] Y 6U2A01 Y3A2Alb-
nenux (Yebumescorux) noninomis. Lle npuzeooums do niniii-
HUX imepauiinux 3aoax.

Bupiweni npama i 360pomna 3adaui xinemamuxu 00¢io-
JHCY6AH020 NAPaAIENLHOZ0 Maninyasmopa. Y npamii 3adaui
KiHeMamuku 3a 300aHUMU NOJIONHCEHHAMU GXIOHUX TAHOK
susHaueni Koopounamu 6uxionoi mouxu. Y zeopommiii 3adaxi
Kinemamuxu 3a Koopounamamu 6uxionoi mouxu 6usHa-
4aromocs nonodcenns éxionux aanox. Ilpsma i 36opomna
3a0aui Kinemamuxu 00CAI0IHCYBAH020 NAPANETLHOZ0 MAHINY -
AAMOpPa 3600AMbCA 00 piwiens 3a0ayu NPo NOJNoNCeHHs 0iad
Cunveecmpa. Ilpedcmasaeni wucenvii pesyaivmamu cmpyx-
MypHO-napamempuunozo cunmesy i KiHeMamuuHozo anaii-
3y po3enanymoz0 napasnenviozo mawinyasmopa. Yucenvhi
pe3ynvmamu KineMamuunozo anaizy noKasyiomo, wo Max-
cuMabHe 6I0XUNEHHA PYXY 6UXIOHOT MOUKU 610 OPMO2OHATL-
Hux mpaexmopii cmanosums 1,65 %

Kmouosi crosa: napanenvnuii maninyasmop, RoboMech,
yuninopuuni cucmemu xoopounam, Yeouwescoke i xeaopa-
muHe HAOUNCEHNS
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1. Introduction

Existing methods of designing both serial and parallel
manipulating robots are mainly reduced to solving the
inverse kinematics problem, i.e. determining the laws of
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movements of manipulator actuators according to the speci-
fied laws of movements of end-effectors, followed by the de-
velopment of control systems. At the same time, manipulator
actuators usually operate in controlled modes of intensive
accelerations and decelerations, which worsens their dynam-
ics and reduces efficiency.



