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Bubble formation at an inclined orifice has been studied numerically using coupled-diffused interface-smoothed particle
hydrodynamics. The simulation covers the entire range of orifice inclination, starting from upward facing (0°) to downward
facing (180°) orientation for a moderate air flow (30 cm’ls). Bubble at the orifice mouth becomes asymmetric as the plate
gets tilted. The asymmetry maximizes at vertical orientation but with downward facing orifices symmetry restores. The local
hydrodynamic structure reveals that the internal circulation cells in bubble become stronger as the inclination increases
making the growing bubble asymmetric. Interestingly, bubble volume for downward facing orifice is 4.75 times higher than
the bubble released at upward facing orifice. Observations from the present simulations suggest that bubble frequency and
shape can be controlled by allowing appropriate inclination in the orifice mouth. © 2012 American Institute of Chemical

Engineers AIChE J, 59: 630-642, 2013
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Introduction

Formation of bubbles at submerged orifices, its subsequent
growth and finally its departure from the orifice mouth, com-
prises a number of complex hydrodynamic processes. This
phenomenon finds a wide application in a variety of chemi-
cal and process equipment. The evolution of bubble at the
orifice mouth can be subdivided into two different periods,
namely initial and final growth period. Air bubbles form at
the orifice mouth initially as a part of a sphere and grow fur-
ther as time progresses. At the final stage, the bubble
becomes elongated and its shape no longer remains spheri-
cal. Rather, at the advanced stage of the growth, a neck is
formed adjacent to the orifice plane. Narrowing of the neck
leads to the subsequent detachment of the bubble. The
physics behind the phenomena is quite complex and over the
years, a volume of investigations have been made to under-
stand, analyze, and predict it. Researchers have taken the
recourse of all the available avenues of investigation namely
experimental, analytical, and lately computational to study
the process of bubbling through submerged orifices.

Davidson and Schuler'? first attempted to understand the
phenomenon of bubbling in both water and mineral oil from
0.16- to 7.9-mm orifice diameters through experimental
investigations. Later, several researchers®™ tracked the bub-
ble shape and frequency of bubble departure for different
surrounding fluids. Kulkarni and Joshi® reported an elaborate
review of the previous experimental works related to bubble
evolution from submerged orifice. Many investigations have
also been reported for bubble formation process in micro-
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gravity situation. Kim et al.,” Pamperin and Rath,® Buyevich
and Webbon,” and Chakraborty et al.'® made continuous
efforts to understand the interface evolution under different
levels of microgravity. Three different bubble regimes
namely static, dynamic, and turbulent regimes are observed
during bubbling under microgravity. After the initial studies
made by Davidson and Schuler," researchers have proposed
a large number of models to describe the phenomenon.
Theoretical studies by Ramakrishnan et al.,'"! McCann and
Prince,4 Marmur and Rubin,!? Oguz and Prosperetti,13 Zhang
and Tan,14 and Xiao and Tan,' to name a few, provided dif-
ferent theoretical models. Simultaneously, efforts were also
made to assess the effect of the influencing parameters like
liquid properties,"'®' gas properties,”***> chamber vol-
ume,>*?> and orifice construction’®® on the process of bub-
ble formation from a submerged orifice.

With the advancement of computational techniques,
researchers tried to model the bubble formation phenomena
numerically and understand the local hydrodynamic struc-
tures. In this regard, the contribution of Durst and co-
workers?®! is worth mentioning. They have used volume
of fluid (VOF) and combined VOF and level set (LS) tech-
niques to capture the dynamic bubble profile. The efforts
reported above are positive steps toward the development
of the knowledge about the bubble formation process from
a submerged orifice. Recently, Das and Das**”? have dem-
onstrated that Lagrangian-smoothed particle hydrodynamics
(SPH) could be an efficient computational technique for
simulating the spatiotemporal development of bubbles at
submerged orifices. SPH enjoys the edge over traditional
grid-based methods due to its simple physical interpreta-
tion. The discretization scheme adapted by SPH reduces the
governing equations to a system of ordinary differential
equations that essentially represents the simple Newton’s
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Second Law of motion for each particle. As a result, with a
reasonably less computational effort, different physical
effects can be incorporated through pairwise molecular-type
interactions. Moreover, the particle formulation conserves
mass, momentum, and energy as the total number of par-
ticles remain constant throughout a simulation. SPH
became an obvious choice for many multiphase simulation,
as it handles geometrically complex boundaries, contact
line dynamics, and complex fluid—fluid interface dynamics
efficiently and with ease in comparison to the traditional
grid-based methods. This has been well established by sim-
ulating complex pinch off process of bubble over orifice
mouth.*?

But, all the experimental efforts reported symmetric bub-
bles at the orifice and the developed models accounted the
formation, growth, and departure of nonspherical symmetric
bubbles over the orifice mouth. However, asymmetry in bub-
ble shape is not uncommon. Bubble nucleation due to phase
change and chemical reaction over inclined surface can gener-
ate asymmetric bubble. During the production of aluminum,
fluorine, or hydrogen, asymmetric bubble release pattern along
the vertical or inclined electrodes are quite essential®*~® to
avoid gas accumulation at the nucleation site. Numerical sim-
ulation of such phenomenon can provide the insights regard-
ing the formation and sliding of bubbles over inclined surfa-
ces. The generated bubbles become asymmetric when the ori-
fice plane is inclined to the horizontal as well as under the
influence of cross flow even for a horizontal orifice plate.
Bubble formation from an orifice mouth under cross flow sit-
uation is very common and some investigations have already
been made by the researchers® > for understanding the
change of shape for different shear strength. But, the effect of
orifice inclination has not yet been considered comprehen-
sively. To the best of the knowledge of the authors, the only
effort in this direction is made by Kumar and Kuloor.*’
Nevertheless, there is a great need to understand the effect of
orifice inclination on the change of bubble volume, its con-
tour, and departure frequency. Orifice inclination can have a
profound effect on the hydrodynamics of bubbling as it
destroys the symmetry and renders bubbles three dimensional
(3-D). Such a problem is not easily amenable through analyti-
cal treatment. When the bubbles are not axisymmetric, even
experiment or the numerical simulation becomes challenging.
To have an insight into the bubble formation, its growth, de-
parture, or sliding over inclined surfaces as well as the associ-
ated hydrodynamics of the surrounding liquid, it is necessary
to use a 3-D computational simulation.

In this work, diffuse interface (DI)-based Lagrangian SPH
has been adopted to simulate bubble formation from an
inclined orifice. DI has been adopted in many computational
algorithms for a better simulation of the property variation
across the complex interface. DI has been successfully imple-
mented in the conventional grid-based formulations*' ™
and in the Lattice Boltzmann method.** Recently, its applica-
tion has been extended to SPH.*> The improvements that can
be achieved by incorporating DI in the basic SPH has been
demonstrated by Das and Das.**** The present selection of
the computational algorithm for the simulation of the 3-D
process of bubbling from a submerged orifice is based on
these studies.

Air and water at atmospheric pressure and temperature are
used as the working fluids in the simulations. It is assumed
that air is injected with a constant air flow rate (30.0 x 10~°
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m?/s) from the orifice in a quiescent water column. The
objective of the present work is to investigate the formation,
growth, pinching, and detachment of the bubble from an
inclined orifice of radius 1.5 x 107> m under normal grav-
ity. Injected bubble is assumed to be pinned with the orifice
mouth. Inclination angle of the orifice plate is varied from
0° to 180° with respect to horizontal. Bubble contour at dif-
ferent time instant for different inclination angle of the ori-
fice plate is reported along with the bubble frequency and its
volume during departure. With the help of Lagrangian parti-
cle history, the velocity fields in the gas and the liquid phase
are investigated during the growth and departure of the
bubble. Finally, a study has been made to understand the
process of neck formation and pinching of the asymmetric
bubbles at the orifice mouth.

Formulation of the Problem
Computational domain

Because of the complexity of the problem, the computa-
tional domain and coordinate system need to be selected
carefully. A 3-D domain filled with water under atmospheric
pressure is considered. Air enters the liquid domain at con-
stant velocity through a constant diameter orifice fixed on a
straight solid plane. The plane of the orifice defines one of
the boundaries of the computational domain. To simulate the
bubbling from the orifice over the entire range of inclination,
three different orientations of the orifice plane 0° < oy <
90° (Figure la), oy = 90° (Figure 1b), and 180° > oy > 90°
(Figure 1c) have been considered. A 3-D cylindrical coordi-
nate system (r—0-z) is adopted. An additional local coordi-
nate system (x;—x;) is also placed at the orifice mouth point-
ing toward the bulk fluid for a convenient description of the
growing bubbles. An exaggerated view of the DI is also
shown in the figure. Two different types of particles are
located at the bulk phases of air and water domain and the
DI is denoted by the particles of intermediate colors of the
bulk phases.

Governing equations

The basic conservation equations for mass and momentum
equations are described below:

Mass conservation equation is as follows considering both
the phases are incompressible

V.V =0. (1

With the incorporation of the DI, the momentum conservation
equation can be expressed as

C
Ca.Cn

V.
(2)

The interface between the phases is considered to be small but
of finite thickness (¢). Last term of Eq. 2 signifies the change
of surface energy in the region of DI whereas the penultimate
term signifies the surface tension force acting toward normal
of the interface. In the above equation, the gradients of scalar f
(pressure and chemical potential) and vector A (velomty and
gravity) can be ertten as Vf = f 3 pdg(? + d_z and
VA= l'} a(p? Dy '}%A()" 42 a_ vV, 1, and P are the velocity
vector, unit normal vector at the interface, and pressure,
respectively. To differentiate two different types of fluid

v . .
p [& + v.vv] = —VP + pg + V.1 + 6,,kitd; —
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Figure 1. Schematic diagram for the orientation of the orifice and the local coordinate system.

(a) a1 < 90°, (b) a1 = 90°, and (¢) «1 > 90°.

particles from each other, a color code (C) has been assigned
with 41 value for the liquid and —1 for the gas. Phase gradient
energy across the interface is considered by defining chemical
potential as

b= [V(C F1XC -1 - (cn2v2c)]. 3)

In the case of multiphase flow, chemical potential ¢ is defined
as the change in discrete Helmholtz free energy upon addition
of an amount of one-phase, keeping temperature, volume, and
other phase density distributions fixed. Here, C,, is the ratio of
mean interfacial thickness (£) and characteristics length scale
(orifice diameter). o}y, T, k, and J, are the gas—liquid surface
tension, shear stress, curvature of the interface, and surface
delta function, respectively. Capillary number (Ca) is the ratio
of viscous and surface forces.

To discretize the system of equations mentioned above,
Lagrangian particle-based DI-SPH is used. DI-SPH uses its
inherent advantage of particle-based formulation to track the
spatiotemporal development of the interface. Both the gase-
ous and liquid domains are discretized by a number of or-
dered particles. Each of the phases contains a specific type
of particle characterized by mass m,; and density p;. Further-
more, all the particles will have their respective velocity v;.

Evolution of thermophysical properties and parameters
like velocity and density of all the particles are updated
depending on the weighted average of these properties of all
the neighboring particles. Neighbors of one particle are
determined using “all particle search” procedure within a
smoothing length (). The dependence of the neighbors over
the particle of interest is evaluated based on the scalar dis-
tance between the particles. Using discretization of SPH
(Annexure 1), the continuity and momentum equation can be
described as

N
pi = 2yt "W 4
T ()
Zj:l [,T/.] Wi/'
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Here, o is the prime index and /3 is the dummy index which can
be any coordinate other than o. In Eq. 5, Ca is the capillary
number (ca; = viu;/o;) and afﬁ is the stress tensor
(Annexure 2).

After placing the particles into its new position depending
on the velocity vector and time step (Af), the chemical
potential (¢,) and color code (C,) are updated using simulta-
neous Cahn—Hilliard equation41 (Annexure 2).

To couple pressure field with density field of the discre-
tized particle-based system, following equation is applied:

7
pi:B[[g] —1]. ©6)
0

Apart from the bulk momentum transfer, surface tension force
is applied across the DI following the continuum surface force
(CSF) method.*” For details, one can refer Annexure 3.

Boundary and initial conditions

The liquid and gaseous phase is bounded by solid walls
having no slip and penetration boundary conditions. To
model the solid boundary, two layers of boundary particles
are placed along the wall. The model assumes perfectly
smooth solid surface. Boundary particles pose a resistive
force to the interior fluid particles to restrict them to pene-
trate and slip over the solid boundaries. The resistive force
is similar in nature to the interfacial no penetration force as
has been mentioned in Eq. 13.

Air and water at atmospheric pressure (101 kPa) and tem-
perature (293 K) are assumed to be the fluid in considera-
tion. The surface tension between air and water is considered
to be 72.8 x 10~* N/m. DI concept helps to handle property
jump across the interface having viscosity ratio 55 and
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Table 1. Effect of Particle Spacing on Bubble Volume

Bubble Volume
During Departure (cm?/s)

Number of Particle
Per Millimeter

4 0.437
6 0.451
10 0.459
15 0.461

density ratio 840. As the purpose of the investigation is to
study the effect of orifice inclination, simulations have been
made for a single orifice diameter of 3 mm and a single gas
flow rate of 30 cm®/s. This makes the flow Reynolds number
(Re = %) and capillary number (Ca = %) to be 19,922
and O.flé,nrespectively. As the simulation is made for normal
gravity, Bond number (Bo = %f“) is considered to be in the

order of 0.3.

Numerical procedure

At any time step, the particles are allowed to take their
own position obeying the continuity (Eq. 3) and momentum
equation (Egs. 4 and 5) under the influence of gravity and
surface tension. At the newly obtained positions of the par-
ticles, the color and chemical potential are updated using
Egs. 8 and 9, respectively. Before going to the next time
instant, a check has been made for sudden penetration of
particles into the boundary particles. The simulation contin-
ues until the bubble detaches from the orifice mouth.

Number of iterations varies depending on the bubble size
which in turn depends on the inclination angle of the orifice
plate. At the beginning of the simulation, the particles are
placed uniformly in the domain. Initial density of the par-
ticles is chosen through a rigorous spacing independence
test. Table 1 shows the bubble volume at departure for dif-
ferent particle spacing. It may be noted that the results pre-
sented in this table are for an orifice diameter of 5.945 mm
and an air flow of 9.21 cm’/s which is identical to the
parameters considered by Ramakrishnan et al.'' It can be
observed that the difference between the bubble volume with
6 and 10 particles per millimeter is —1.74%. Conversely, if
the number of particles per millimeter is increased from 10
to 15, the difference in bubble volume is only 0.43%. Based
on this, it has been decided that 10 particles will be accom-
modated per millimeter in all the directions for optimum
spacing. For the present simulation, forward marching is
done in time with a step of 107* s to get a steady dynamics
solution. Computation time always depends on the inclina-
tion angle and flow rate. For a Pentium IV (3 GB RAM)
computer, the average CPU time is around 15 min.

Validation

Das and Das’? rigorously validated basic SPH scheme for
a problem of bubbling at a submerged orifice. Subsequently,
they have incorporated the concept of DI within the frame-
work of SPH?? and validated their simulation of bubbling
through a horizontal orifice against the work of Gerlach
et al.”? and Zhang and Shoji,*® while the first one is a com-
putational simulation using combined LS and VOF and the
other one is an experimental investigation. The DI-SPH sim-
ulation exhibited very close agreement with both the results.
DI-SPH simulation can successfully simulate both the pro-
cess of bubbling at the orifice and the motion of the bubble
after detachment.
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Furthermore, validation is reported in Figure 2a for the
bubble volume at the point of detachment over a range of
flow rate for an orifice diameter of 5.945 mm. Experimental
observations of Ramakrishnan et al.'' are compared with our
prediction for a horizontal orifice plate. Air flow rate from
1.5 to 80 cm’/s is considered during the simulation. The
developed model records 2.8% maximum error in predicting
the bubble volume at the instant of departure from the orifice
mouth.

For the same conditions,'! equivalent spherical radius of
the generated bubbles is reported in Figure 2b. Numerical
results from the simulation are compared very well (3.6%
maximum error) with a generalized correlation proposed by
Jamialahmadi et al.*’ They have derived their correlations
through a rigorous analysis using 900 data points covering a
wide range of operating parameters. Agreement of the devel-
oped model with such generalized correlations shows the
applicability of the developed model.

Results and Discussions

Observations from numerical simulations are discussed in
this section. Efforts have also been made to analyze the
results obtained from the simulations.

Bubble growth history

The aim of the present work is to simulate bubble forma-
tion from an inclined orifice mouth submerged in a quiescent
liquid pool under constant flow condition and to study the
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Figure 3. Bubble contours at inclined orifices.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

effect of inclination on the process of bubbling over the full
range of inclination. The orifice diameter is taken as 3 mm
and the flow rate is considered to be fixed at 30 cm’/s. For
all the inclinations, the approximate height of the free sur-
face is 150 mm above the orifice mouth. Muller and Prince®®
studied the effect of pool height and gas velocity on the type
of bubble produced and provided a regime map for different
bubbles. The results of present simulation fall within the per-
fect bubble range proposed by them. Orifice plate inclination
is varied in steps starting from 0° to 180°. Figures 3a-h
show the bubble contour at orifice mouth at different time
steps for inclination of 15°, 30°, 45°, 60°, 90°, 120°, 150°,
and 180°, respectively.

The process of bubbling through a submerged orifice is a
complex hydrodynamic phenomenon which experiences
interplay of a number of forces. These forces vary consider-
ably during the growth of a bubble and render the process
highly nonlinear. Almost, all the earlier studies consider a
horizontal orifice which reduces the complexity substantially
as the bubble retains its axisymmetry till it detaches. An
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overall force balance presents a system of parallel forces act-
ing on the bubble.

On the contrary, for a tilted orifice, the bubble growth and
its initial rise will not be along the orifice axis. The bubble
shape as well as the surrounding flow field is 3-D.

When the tilt of the orifice with respect to horizontal plate
is small such as 15° as shown in Figure 3a, the asymmetry
during bubble growth is marginal. The bubble shapes are
also not much different from that observed in the case of a
horizontal orifice. As the angle of tilt is increased gradually
to 30°, 45°, and 60°, asymmetry in bubble growth becomes
prominent. Because of buoyancy, the bubble tends to rise in
the vertical direction which is different from the nozzle axis.
The bubble boundary is closer to the upper side of the
inclined bottom plane particularly at the advanced stages of
bubble growth.

The bubble growth from a vertical orifice mouth (angle of
inclination 90°) needs a special mention. At the very initial
stage of formation, the bubble embryo grows along the noz-
zle axis which is essentially horizontal. This is due to the
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Figure 4. Variation of bubble volume during departure
for different orifice inclination.

momentum of the incoming gas stream which is predomi-
nantly in a direction mentioned above. As the bubble grows,
it cannot defy the effect of gravity for long. As it grows, the
bubble aligns itself in the vertical direction. It is interesting
to follow the development of the bubble stem or neck. In
this particular case, the bubble stem experiences the maxi-
mum elongation. Initially, it grows in the horizontal direc-
tion but at later stages, it takes a turn in the vertical direction
as finally the bubble takes of vertically.

Rest of the figures, till Figure 3h, reveals bubbling from
orifice mouth with inclination more than 90°. In these cases,
vertical elongation and rise of the bubble will not be possi-
ble as the plane of the orifice offers a partial or total obstruc-
tion. For an inclination of 120° (Figure 3f), the phenomena
are only marginally different from those observed in the
case of vertical orifice plate. In this case, at the advanced
stage of growth, the bubble boundary comes very close to
the plane of the orifice in its effort to rise along a vertical
direction. In our simulation, we have not seen the bubble to
touch the orifice plane. Also, in this case, the elongation of
bubble stem is quite conspicuous.

For an inclination of 150° of the orifice, one can find
some change in the scenario. The bubble again regains its
“mushroom shape.” However, an overgrowth toward the
upper side of orifice plane is obvious particularly at an
advanced period of the bubble. Interestingly, a shortening of
the bubble stem is noticed. For a downward facing orifice,

215
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Figure 5. Variation of bubble period for different orifice
inclination.
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the bubble grows axisymmetrically with respect to the orifice
axis. The bubble stem is small and it does not show any
tendency of necking. So, the bubble growth complies with
the intuition that increase of bubble volume will give rise to
its spreading but no detachment will occur when the orifice
plate is mounted on a downward facing plate.

Frequency of bubble formation and bubble volume

In this section, variation of bubble volume at departure
and period are investigated for different orifice inclination.
Figure 4 shows a monotonic increase in bubble volume at
departure with the increase in the orifice inclination. This
shows that the bubble release is easier for orifices making
acute angle with horizontal than the downward facing orifice
plates. For the upward facing orifice, gravity helps in takeoff
of the bubble whereas it opposes the detachment for down-
ward facing orifices. One can observe that the rate of
increase in bubble volume at departure for different inclina-
tion is nonlinear. Bubble volume increases at a much higher
rate as the inclination angle approaches 180°. Figure 5
depicts a continuous increase in the bubble growth period
and also supports the findings of Figure 4.

Influence of orifice inclination on the asymmetry of the
bubble

Bubble formation from an inclined orifice plate is charac-
terized by the asymmetry of the bubble shape. In the case of
a horizontal orifice, bubble growth till its departure is axy-
symmetric, and the center of gravity of the growing bubble
shifts only along the axis of the orifice. On the contrary, the
center of gravity of a growing asymmetric bubble describes
a complex curvilinear trajectory on a vertical plane which
passes through the center of the orifice and coincides with
the plane of its rotation. The movement of the center of
gravity of the bubble is shown in Figure 6.

One of the unique findings of the present investigation is
the inception of this asymmetry, its growth, and finally, its
termination during the phenomenon of bubbling over the
complete range of inclination. A detail account of this is
given below.

To make a comparative study of this movement, a vertical
axis through the center of the orifice has been taken as the
reference for all the inclinations. The position of the moving

20

-17 -14 -11 -8 -5 -2 1 4

Figure 6. Deviation from symmetric shape for different
inclinations of the orifice plate.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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center of gravity for a typical inclination is indicated by a
specific symbol as can be seen from Figure 6. Data points
indicate equal time interval of 0.06 s. Furthermore, the posi-
tion of the center of gravity at a particular instant for all the
inclinations has been connected by dotted lines. These lines
then are contour lines for equal bubble volume. It may be
noted as the orifice is rotated in the clockwise direction over
the complete range of inclination, the movement of the bub-
ble center of gravity is restricted grossly in the first and the
fourth quadrants.

For a horizontal position of the orifice (inclination of 0°),
the bubble center of gravity moves strictly along the vertical
line indicating axisymmetry of the bubble with respect to the
vertical axis. This has also been reported in earlier numerical
investigations.25 However, it may be noted that in all the
earlier numerical investigations, axisymmetry of the bubble
was imposed as an assumption. Therefore, one could not be
certain whether the axisymmetric bubble shape is a natural
attribute of the problem or an outcome of the assumption.
The present simulation, conversely, is based on 3-D formula-
tion, and it establishes axisymmetric bubble growth over a
horizontal orifice beyond doubt at least for the conditions of
simulation.

For a small inclination of the orifice (15°), the deviation of
the locus of center of gravity from the vertical line is only
marginal. However, the deviation increases with the increase
of the inclination indicating the growth of asymmetry. It is
interesting to note that though the locus of the center of grav-
ity of a growing bubble deviates from the vertical axis, it can
be approximately represented by a straight line for a particular
inclination. For instance, for an inclination of 90°, the locus is
almost a straight line at an angle of 42° (approximately) with
the horizontal. In the case of a horizontal orifice, the growth
of the bubble is unrestricted in all the directions above the
orifice mouth. The bubble becomes elongated due to the
action of gravity as its volume increases. In the case of an
inclined orifice, the growing bubble cannot sustain an unre-
stricted growth. With the growth of the bubble, its left-hand
surface approaches the solid plane containing the orifice. The
lateral growth of the bubble is then favored in the opposite
direction. This results in a shift of the center of the gravity to-
ward the right-hand side of the vertical line.

The bubble growth from a side surface (inclination angle
90°) as shown in Figure 3e needs a special mention.
Although the stem is almost horizontal, the shift of the cen-
ter of gravity is not along a vertical line. This is due to the
interplay of a number of conflicting effects. With the bubble
growth, its center of gravity moves up. The effect of surface
tension is to reduce the surface area. Even in this case, the
bubble maintains a minimum distance with the plane of the
orifice. In addition, one coordinate system denoted by X
(along the orifice plane) and X, (perpendicular to the orifice
plane) has been defined for each of the inclinations from the
center of the orifice.

With inclination as the bubble becomes asymmetric, the
center of gravity of the growing bubbles for different incli-
nations, the center of gravity of the protruded bubble is
noticed for the whole period of the bubble. The reference or-
igin for denoting the location of center of gravity is consid-
ered to be as the midpoint of the orifice. Two perpendicular
axes X; and X, are framed in a vertical plane aligned with
the inclined plate at the orifice mouth. X, is aligned with the
orifice plate and pointed toward the downward direction
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while X, always points toward top. The system of coordinate
axes is mentioned in Figure 6. Based on this coordinate sys-
tem, the location of the center of mass for different instants
of the time period is calculated. Figure 6 shows the location
of the center of mass for the whole bubble period for differ-
ent inclinations of the orifice plate. Points are plotted at an
interval of 0.06 s. It can be noticed from the figure that the
bubbles are highly asymmetric and center of gravity not
remained in the direction of gas flow from the orifice mouth.
For an inclination of 15°, the center of mass initially shifts
in the positive X; direction, but with the progress of time,
center of gravity crosses the symmetry line and continues to
move toward the left side. At a very small time instant, the
gas force dominated over the buoyancy force which causes
the center of gravity to shift in the rightward direction. But,
with the progress of time, buoyancy takes over making the
bubble asymmetric toward left-hand side of X;—X, plane. At
the same time, center of gravity also shifts in the upward
direction following the X, direction. This signifies the
growth of the bubble with respect to time. During departure,
the bubble center of gravity shows that the shape is totally
asymmetric across the symmetry axis (X5).

With the increase of inclination angle (30°), the asymme-
try increases making the center of gravity shift further to-
ward left. During departure, the location of center of gravity
is higher for 30° inclination compared to 15° inclination.
This causes the increase in bubble volume due to the
increase in orifice plate inclination. At 45°, the center of
gravity always remained on the left-hand side making the
bubble totally asymmetric. The height of the bubble
increases further. But, after 45°, the bubble height across the
X, location decreases but the span in X; location increases at
a great extent. This can be seen from the location of center
of gravity for 60° inclination of the orifice plate. Similar
kind of phenomena is also observed for 90° inclination of
the orifice plate. At this inclination, the bubble always tries
to remain aligned with the vertical orifice plate.

The locations of the center of gravity of bubbles for
downward facing orifice plates are determined and plotted in
Figure 6. For 120° inclination, it can be observed that
though the bubble is upward facing and larger compared to
the bubble generated at vertical orifice plate, the asymmetry
of the center of gravity reduces. The center of gravity trav-
ersed a small offset from the symmetry axis compared to the
bubble generated at vertical orifice. But, the height of the
bubble across the symmetry axis increases compared to the
bubble generated at vertical orifice. At 150° inclination of
the orifice plate, the bubble remains downward facing but its
symmetry comes back once again. The center of gravity of
the bubble shifts a very small distance from the asymmetry
axis. This shows that for a totally downward facing bubble
(180°), the bubble can be again totally symmetric like
upward facing orifice (0°).

Isovolume lines were also plotted in Figure 6 to show that
the volume of the bubble during departure increases as the
orifice plate becomes more inclined. It can be observed from
the figure that the volume of bubble during departure from
upward facing orifice is six times less compared to the bub-
bles departing from 150° inclined orifice.

Vortex structure in the flow field
Figures 7a—e show the velocity vectors of the water and
air particles at the vicinity of the bubble during departure for
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

five different inclination of the orifice plate. For all the in-
clination angle of the orifice plate, vortices are seen inside
the gaseous bubble. Primarily, two vortices are seen inside
the bubbles. They divide a bubble into two lobes of equal
or unequal size. Vortices are also seen in the liquid near
the neck region which helps the bubble to detach from the
orifice mouth. The velocity vectors of the gaseous particles
are denoted by blue arrows while the red arrows denote ve-
locity vectors of the water particles. To demonstrate the
dominant vortex structure clearly, we have marked them
with red and blue lines, respectively. Arrowheads indicate

AIChE Journal February 2013 Vol. 59, No. 2

Published on behalf of the AIChE

the corresponding directions of the vortices. At 30° inclina-
tion, it can be observed (Figure 7a) that two vortices pres-
ent inside the bubble during departure are not equal in
size. The vortex at the upper region of the bubble is larger
compared to the vortex below. Similarly, the vortices in
the surrounding liquid are also not symmetric in nature.
The vortex at the left-hand side is narrow and long com-
pared to the right-hand side one. This trend continues for
the bubble generated at 60° inclination (Figure 7b). The
vortices in the liquid side near the neck help the bubble to
detach from the orifice mouth.
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For 90° inclination of the orifice plate, the difference For downward facing orifice plates, typical vortex struc-
between the pair of vortices becomes most prominent (Fig- ture can also be noticed from Figures 7d,e. In these two
ure 7c). The vortex near the wall in the gaseous phase is cases, a pair of counter rotating vortices is also present in
larger. Inside the liquid domain, a small vortex is generated the air phase. The vortices in the liquid domain are asym-
in the entrapped liquid between the bubble and wall. The metric. For liquid domain, the upper vortex is quite smaller
other vortex far from the vertical wall is much larger and compared to the lower one. For both the inclinations of
dictates the detachment of the bubble. 120° and 150°, the lower vortex of the liquid domain
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Figure 9. Pinching of bubbles at different inclinations.

controls the detachment and movement of the bubble dur-
ing departure.

Pinching of bubbles

During the final stage of the growing bubble, the interface
near the orifice experiences a negative curvature. This signi-
fies the neck formation. As time progresses, the neck radius
decreases making the fronts of the neck region approaching
each other. Finally, the neck snaps making the drop detached
from the orifice mouth. The time span from the beginning of
neck formation till the pinch off of the bubble is termed as
necking time. It is observed that the neck is symmetric with
respect to the orifice mouth when the orifice plate is vertical.
But, as the plate becomes inclined with horizontal, the neck
becomes asymmetric. Figure 8 shows the different stages of
neck formation and pinching of a bubble over a 60° inclined
orifice mouth. From the figure, it is clear that neck is quite
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asymmetric across the orifice. The formation of neck and its
position is influenced by the inclination of the orifice plate
with the horizontal (Figure 9). It can be observed from the
time contour history of the growing bubbles at the orifice
mouth that neck becomes elongated as the orifice plate turns
toward vertical. The neck again becomes shallow when the
inclination angle increases making the face downward. Con-
versely, neck location remains above the orifice plane for
upward moving orifice plates while it came down the orifice
for downward facing plates. In the case of vertical orienta-
tion of the orifice plate, the neck remains almost at the same
level with the orifice plane.

After detachment of the bubble from the orifice mouth, the
bubble tries to move up under the action of buoyancy force.
The lower portion of the neck which is attached to the orifice
during pinching acts as the embryo of the next bubble. Its
shape is mostly governed by the surface tension forces. The
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embryo keeps the memory of the previous bubble and
becomes aligned with the shape of the previous bubble. In
Figure 9, we have shown the departing bubble and the
remaining gaseous embryo for five different inclination of the
orifice plate. It can be observed everywhere that the embryo
is offset with the direction of gas flow from the orifice mouth.

Finally, an effort has been made to distinguish between
the bubble growth period and the necking period of the bub-
ble over the inclined orifice. Figure 10 shows the bubble
growth history for different orifice inclination. From this fig-
ure, it is clear that the departure volume and period increase
as the orifice becomes more and more inclined from the hor-
izontal orientation. In the same figure, a square marker is
also placed to show the point of time at which necking starts
for each bubble. The neck formation is delayed as the incli-
nation increases from horizontal to inverted one.

Conclusion

The present investigation was undertaken to study the
influence of orifice plate inclination on the bubble formation
at a submerged orifice in a quiescent liquid. The significant
observations are as follows:

(i) Bubble becomes asymmetric as the orifice plate makes
an angle with horizontal plane. Asymmetry increases as the
inclination angle increases till the orifice plate becomes ver-
tical (0°—90°). At vertical location (90°), the asymmetry is
maximum.

(i) Asymmetry again reduces and turns toward symmetric
shape of the bubble for downward facing orifice plates
(>90°). The bubbles more or less follow orifice plate after
detachment from the orifice mouth. At 150° inclination, bub-
ble becomes more or less symmetric though its vertex is
downward facing.

(iii) The bubble volume during departure and the bubble
period increase with the increase of inclination angle of the
orifice plate. Buoyancy acts always in the vertically upward
direction whereas gas momentum is away from the orifice
normal to its plane. The deviation between the lines of
action of these two forces increases with the increase in the
orifice inclination. The change in bubble volume at departure
is an outcome of this.

(iv) Using the history of the traversing for the center of
gravity of the bubble for different inclination of the orifice
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plate, the nature of asymmetry turns out more clear. It shows
that the center of gravity always remained at the topside of
the line of symmetry from the orifice mouth.

(v) Using the velocity vectors of the particles of both gas-
eous and liquid phase, it has been shown that vortices are
present in both the fluid domain. But, due to the inclination
of orifice plate, the vortices become asymmetric. From the
velocity vector map, it can be observed that the topmost vor-
tex in the air phase dominates during the bubble growth.
Conversely, lower vortex of the liquid domain controls the
necking of the bubble from the orifice mouth.

(vi) The process of neck formation is also asymmetric with
respect to the orifice mouth. The period of neck formation
and the point of time at which neck starts to appear increase
as the inclination of the orifice plate increases.

Finally, it can be said that using particle-based numerical
methodology, the hydrodynamic structure and interface loca-
tion of a bubble formation over an inclined orifice are simu-
lated efficiently. It gives a valuable insight regarding the
asymmetry present in the bubble structure and its detachment
during the process. Developed model can be extrapolated to
observe the dynamics of 3-D void in bulk liquid after the
pinch off from orifice mouth. This eventually will help to es-
tablish the role of orifice inclination for generation of uni-
form void distribution.
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Annexure 1

SPH methodology replaces the continuum approach by the
discrete particle approach through kernel approximation and
particle approximation. Using both this approximations, one
parameter f; can be written as

N
fi= Zp’]jw(x, xj, h). (A11)

=1 Pi

For a compact support domain, first- and second-order deriv-
atives can be replaced as

N
m; OW
fi=Y_ “fi— (A12)
Jj=1 p/ (xi—x;,h)
N 2
m; O°W
fi L (A13)
h /:Zl pj ! Ox? (x;—x;j,h)

Annexure 2

Stress tensor in the momentum equation includes pressure
gradient and viscous stress parameters. Using SPH methodol-
ogy as described in Annexure 1, it can be defined as

- wl o
0.?6/5 by'ﬂ—k,w[ Vi Vi

= g(vv,»)aﬂf*] (A21)

8x,~°‘ + 8x,-/‘ - 3

where &; is the Neumann—Richtmyer artificial viscosity and
can be evaluated following Monaghan and Gingold*®:
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for v;.x; <0
for VijXij > 0

Here, 112 = 0.001 h2, vij» and x;; are the relative velocity and
distance of two particles i and j.

Following Annexure 1, chemical potential, ¢, and Cahn—
Hilliard equation can be written as

¥y (€ 1PC =1 = (G4 1) (G- 1))
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Annexure 3

Apart from the bulk momentum transfer, surface tension
force is applied across the DI following the CSF method.*’
Using particle-based formulation surface force per unit vol-
ume, F'si can be defined as

Fy=—0oyy m; (Gi = Gy) Wy n. 5 (A31)

=1 PP ‘ij| Orij |n|;

here o, is the interface delta function which assumes finite
value only at the interfacial domain. Interfacial surface nor-
mal, n can be calculated as

N
Zi (Ci — C)aW,, (A32)

P |r,,| orjj
Moreover, to restrict abrupt mixing of particles across the

interface, Lennard—Jones-type resistive force is applied. It
can be expressed as

. 12 6
rij I‘,’j )’[jz

=0 for r; > 19

F(R)=D for r; <1

(A33)

Here, r;; is the scalar distance between the boundary particle and
the fluid particle. ry is the minimum spacing of the particles. D
is an empirical constant and is assumed to be 15 g times the ini-
tial spacing of the particles after rigorous optimality test. The
time step is selected such that the physical rate of propagation
of information is less than the numerical propagation rate.
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