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Abstract

In order to investigate the dynamics of quasi-static bubble formation from a submerged orifice, this paper developed an
axisymmetric VOSET method with continuum surface force (CSF) model which can accurately capture the moving phase
interface of gas-liquid flow. Test case shows that numerical results are in good agreement with experimental results from the
literature. The effects of gas flow rate, orifice size, surface tension, contact angle, liquid density, and gravitational acceleration on
bubble shape, departure time and departure volume are investigated and analyzed. It is found that increase in orifice size, surface
tension, and contact angle results in the increase in the capillary force resisting bubble detachment, which leads to larger departure
time and departure volume. But there is a critical contact angle, and contact angle has no significance effect on the process of
bubble formation and detachment, when it is smaller than the critical value. Buoyancy force promoting bubble detachment
increases with the increase of liquid density and gravitational acceleration, which results in smaller departure time and departure
volume. Also, the forming process of the neck shape of bubble bottom at the bubble detachment stage is observed, and the results
show that the position of the smallest part of the neck approximately equals to the orifice radius R..
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Introduction

Bubble formation and detachment are common physical phe-
nomena, which exist widely in many engineering applications
such as energy and power engineering, chemical engineering,
environmental engineering, and space engineering. The inves-
tigations of bubble formation and detachment would be con-
ducive to the developments of boiling heat transfer (Kim et al.
2015; Munro and Ban 2015; Wu et al. 2016), bubble columns
(Zhang et al. 2012), gas-liquid separator (Movafaghian et al.
2000), etc. Thus it always attracts amount attentions from
researchers, in which the influence of physical properties of
fluid, gas flow rate, orifice size, and other conditions are
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investigated by experimental observations, theoretical
models, and numerical methods.

Because the process of bubble growth can be directly ob-
served by visual experiments, amount of experimental work
have been done. Bitlloch et al. (2018) presented the experi-
mental results of air bubbles injected into water in micrograv-
ity. Zhang and Shoji (2001) experimentally investigated the
influence of gas flow rate on aperiodic bubble formation from
a submerged orifice, and found three types of bubble
departing periods such as single period, double periods, and
triple periods. Similar experimental researches were also per-
formed in the literature (Badam et al. 2007; Buwa et al. 2007),
and the effect of the orifice size, contact angle, and surface
tension on the transitions of bubbling regimes with the in-
crease of the gas flow rate was studied. For periodic bubble
formation, gas flow rate has an important effect on the bubble
dynamics. But when the gas flow rate is lower than the critical
value Q..,;; from the literature (Oguz and Prosperetti 1993), the
effect of the viscous stresses is very small, which is known as
quasi-static bubble formation. Gerlach et al. (2005), Lesage
and Marois (2013), Di Bari and Robinson (2013), Albadawi
et al. (2013) presented some experimental investigations on
the bubble shape, departure time and departure volume of
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quasi-static bubble formation. Based on the experimental in-
vestigations, various theoretical models were also proposed.
Zhang and Shoji (2001) developed a theoretical model which
can predict the departing periods of bubble formation with
single period to triple periods, which were in good agreement
with the experimental results. Gerlach et al. (2005) presented
two theoretical models which can predict the quasi-static bub-
ble formation on the wettable and nonwettable surfaces.
Vafaei et al. (2010), Das et al. (2011), and Lesage et al.
(2013) also developed theoretical models based on different
laws, and done the theoretical analysis of bubble formation.
In addition to the experimental observations and theo-
retical models, numerical simulation is another important
method of studying bubble formation, and it can provide
accurate predictions for bubble behaviors under various
operating conditions. Simmons et al. (2015) utilized finite
element method to simulate bubble formation from a sub-
merged orifice, and the results showed that this method
can capture the pinch-off of the bubble. Wu et al. (2017)
investigated bubble formation under constant pressure
conditions using a 3D boundary element method.
Mirsandi et al. (2018) used the front tracking method with
local front reconstruction technique and dynamic contact
angle models to study bubble formation under various gas
injection rates. Compared to the above mentioned
methods, the Volume of Fluid (VOF) method (Hirt and
Nichols 1981), Level Set (LS) method (Osher and
Sethian 1988), and Combined LS and VOF method
(CLSVOF) (Sussman and Puckett 2000) are more widely
used in the investigations on bubble dynamics, especially
the CLSVOF method combining the advantages of VOF
and LS method. Ma et al. (2012), Hanafizadeh et al.
(2015), and Georgoulas et al. (2015) applied VOF method
to investigate bubble formation and detachment, and the
effects of physical properties, operation conditions,
gravity levels, and gravity vector direction were
analyzed. Arias and Montlaur (2018) used VOF method
to investigate the influence of the contact angle on the
bubble generation from a capillary T-junction. Chen
et al. (2009) studied the effect of the contact angle on
bubble departure diameter using LS method with contact
line models. Buwa et al. (2007) and Gerlach et al. (2007)
used CLSVOF method to investigate the periodic bubble
formation and analyze the transition of single period to
double period. Similarly, periodic bubble formation in
high-density liquid was also investigated by Chakraborty
et al. (2015) using the CLSVOF method. And, the same
numerical method was also used to study the quasi-static
bubble formation by Albadawi et al. (2013). Chakraborty
et al. (2009) applied CLSVOF method to simulate the
process of bubble formation under normal and reduced
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gravity, and found that the detached bubble volume sig-
nificantly increases with the decrease of gravity.

As another coupling method, VOSET method (Sun and
Tao 2010) can also combine the advantages of VOF and LS
method. Over the past few years, VOSET method has been
developed to investigate complicated multiphase flow prob-
lems, such as boiling (Guo et al. 2011), ferrofluid droplet
dynamics (Shi et al. 2014), bubble dynamics (Wang et al.
2016), etc. In this paper, the VOSET method was performed
on the axisymmetric coordinate system, which is used to sim-
ulate quasi-static bubble formation from a submerged orifice
in quiescent viscous fluids. Different mesh sizes are utilized to
carry out grid independence verification, and the numerical
results are validated by the experimental results from literature
(Albadawi et al. 2013). The influence of gas flow rate, orifice
size, surface tension, contact angle, liquid density, and gravi-
tational acceleration on bubble shape, departure time and de-
parture volume are investigated.

Numerical Formulation
Governing Equations

In the present study, the process of bubble formation from a
single submerged orifice in a quiescent liquid is expected to be
axisymmetric, hence the cylindrical axisymmetric coordinate
system (7, z) is created. The dispersed phase (gas) and contin-
uous phase (liquid) are assumed to be immiscible, incom-
pressible, and Newtonian fluid. The continuity equation,
Navier-Stokes equations, and interface capturing advection
equation are solved for the two-phase flow as:

V.U =0 (1)

a(gtv) 4 V-(pUU) = ~Vp + pg + V- [u((vv) + (VU)T)] +F,
(2)

oC

S HUVC=0 (3)

where U is the velocity vector, p is the pressure, p is the fluid
density, p is the fluid viscosity, g is the gravitational acceler-
ation, F, is the surface tension force, and C is the volume
fraction as the fraction of the gas in a cell.

For the (7, z) coordinate system, the continuity equation and
Navier-Stokes equations can be rewritten as:

1 0(ru)
r or

v
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where u is the radial velocity, v is the axial velocity. The
surface tension force is calculated by the continuum surface
force (CSF) model (Brackbill et al. 1992).

90 Fp=—ord($) 2 (7)

F(ﬂ‘ = _O—HCS(QS) 5 aZ

where o is the surface tension coefficient, ¢ is the level set
function, and « is the interface curvature which can be com-
puted as:

ﬁzv(%%) (8)

For the (7, z) coordinate system, the interface curvature can be
rewritten as:
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And, 0(¢) is the Dirac distribution function which is expressed
as:

0 for |¢| > €
op) =41 {1 +cos<@)} for |p|<e (10)
2e €

where € = 1.5A is the width of the smoothed region, A is the
grid size.

The gas density p,, gas viscosity i, liquid density p;, and
liquid viscosity j; are assumed to be constant, and the density
p and viscosity p of two-phase fluid are calculated by

p = PH() + p(1-H(0)) ()

1= wH(9) + g (1-H(9)) (12)

where H(¢) is the Heaviside function which is expressed as:

0 for p < —¢
1 ¢ 1 . (7
H(¢) = E[l—&—;—k;sm(?)] for |p|<e (13)
1 forgp > ¢
The VOSET Method

The coupled volume-of-fluid and level set (VOSET) method
(Sun and Tao 2010) is implemented on the axisymmetric co-
ordinate system in the present study. In the VOSET method,
the advection equation (Egs. (3)) of the volume fraction C is
solved by the PLIC algorithm (Youngs 1982) and unsplit ad-
vection scheme (Wang et al. 2013), which is used to capture
the two-phase interface. But, the advection equation of the
level set function ¢ does not need to be solved. A geometric
method is used to calculate ¢ which is used to accurately
calculate interface normal and curvature. The detailed opera-
tion procedure of the VOSET method is presented as follows:

Step 1: Reconstruct the interface by the PLIC algorithm ac-
cording to the volume fraction C and normal vector
n. The normal vector n is calculated by
vC
=— 14
"= N (14)

In the PLIC algorithm, there are many possible interface
cases. In order to simplify the calculation of the interface
equation, coordinate transformation is used to reduce the num-
ber of the interface cases. The simplified interface cases in-
clude four types as shown in Fig. 1a. To calculate the interface
equation, a new coordinate system (+/, z') on the multi-material
cell (0 < C< 1)isestablished. So, the interface equation in Fig.
1b can be expressed as:

np (r=rly) + ez =0 (15)

where n,- >0 and n,. > 0 are the radial and axial components of
the normal vector n, respectively. (74, 0) is the coordinate of
point A.

According to the definition of the volume fraction C, it can
be calculated by

1

Vopcr

¢ (Voas=C1Vaco=C,Ver) (16)

where Vppgr is the volume of a ring with rectangular cross
section in cylindrical coordinates, and Vg, Vacp, Vier are
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Fig. 1 Schematic of interface
types and position

type 1

type 3

(a) interface types

the volume of a ring with triangular cross section. The equa-
tion coefficient ¢; and (, are computed as:

412{‘1)’
sz{?:

The coordinate of point A can be calculated by Eqs. (16—
18), which is used to determine the interface equation.

for type 1 and type 3 of the interface
for type 2 and type 4 of the interface

(17)

for type 1 and type 2 of the interface
for type 3 and type 4 of the interface

(18)

Step 2: Set up the initial level set function ¢ in the whole
computational domain.
—L, for cell center in the gas phase
qﬁ? ;=140, for cell center on the interface (19)

L,  for cell center in the liquid phase

where L =max(L,, L,) is the max size of the computational
domain (L,, L,).

Step 3: Mark the cells in 4A region near the interface as
shown in Fig. 2a. Because the level set function
¢ is only used to calculate the surface tension
force and fluid physical quantities. Thus, only
the level set function ¢ on the marked cells need
to be calculated, which can save computing
resources.

Calculate the level set function ¢ on each marked
cell. Firstly, we should determine a 7 x 7 stencil

Step 4:
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around the marked cell, as shown in Fig. 2b.
Subsequently all of the minimum distances from
cell center point P to any interface in cells within
the stencil are calculated. As shown in Fig. 3, if
point M is between point A and point B, dp;, is
the minimum distance, otherwise min(dp, dpp) is
the minimum distance. For all of the minimum
distances, the minimum value is the shortest dis-
tance d from point P to the interface. Then, the
level set function ¢ can be expressed as:

—d, for ¢2j <0
¢=140, forg) = (20)
d, for ¢2j >0

Based on the level set function ¢, the normal vector n is
calculated by

)
Vgl

Then, return to Step 1. The interface is reconstructed
by the Egs. (21) with higher accuracy. The iteration times
in the present study is set as 3. Figure 4 shows the level
set function ¢ near the interface of a circular bubble,
which denotes that the level set function ¢ can be accu-
rately calculated by the iterative geometric operation. For
the circular bubble, the interface curvature are calculated
by the VOSET method and VOF method. Table 1 shows
the L, error norm for curvature, in which N is the number
of the multi-material cells. It can be seen that the VOSET
method has higher calculation accuracy.

(21)
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Fig. 2 Schematic of the marked .
region near interfaces and the = . shortest distance
shortest distance 5 == interface
N
A 4 1 N
f 5 -\
D
N
\ an P
W
N
V
- [~
(a) marked region near interfaces (b) 7x7 stencil
Computational Domain and Boundary Conditions 26
cosf) = —— (22)
0z

Due to the axisymmetric physical model, the computa-
tional domain is chosen as 1 rad (as shown in Fig. 5).
The computational domain should be sufficient to ensure
that the bubble dynamics are independent of domain size.
In the present study, the width and height are considered
to be L, >2.5D,,, and L, >5D,,,;, where D, is the bubble
equivalent diameter. The gas is injected through an orifice
of radius R. with a constant flow rate Q. The axisymmet-
ric boundary condition, the slip boundary condition, and
Neumann boundary condition are applied at the symmetry
axis (r =0), side boundary (» = L,) and outlet (z = L,),
respectively. Additionally, the bottom solid wall is set to
be no slip boundary condition, and the wall static contact
angle is 6. In the static contact angle model, the angle 6 is
used to calculate the level set function ¢ on the bottom
boundary by using the Egs. (22). Then, the curvature and
surface tension force near the contact line are calculated
by the Egs. (7-9).

Fig. 3 The minimum distance to
an interface in a cell

Numerical Validation
Grid Independence Verification

In order to test the effect of grid size on numerical results,
simulation of quasi-static bubble formation from a submerged
orifice in a pure water is performed using different uniform
grid systems (R/A =4, 8, 16, and 24). The density and vis-
cosity of the gas are p,=1.225 kg'm > and fe=1.79 x
107> kg:(m's) '. And, the density and viscosity of the water
are p,,=998.2 kg'm > and p,,=1.0x 10> kg:(m's) '. The
surface tension coefficient oy, equals to 0.073 N-m !, and
the contact angle 6 is set to be 30°. The comparisons for

(b)
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Fig. 4 The level set function near the interface of a circular bubble

bubble departure volume V., and departure diameter D,,,
under the condition of R.=0.8 mm and Q=200 ml/h are
shown in Table 2, in which the error Eyand Ej, are calculated
by the following formula.

~ Vaerr,ja=2a=Vaerr,)A=4816.24

Ev % 100% (23)

V det,R.) A=24

Det,r.) A=24"Daer,r. A=4.8,16,24
Ep =

% 100% (24)
Detr. ) A=24

Table 2 shows the results of four cases, it can be seen that
bubble departure volume V,,, and departure diameter D,
gradually increase, but the difference of two adjacent cases
gradually decreases with the increase of R./A. Obviously, case
A has the largest error Ey=14.61% and Ep=5.19%.
Although case B can improve the calculation accuracy, Ey =

5.31% is still a large error. Compared to case A and case B,
case C has smaller errors, and the difference between case C
and case D is no significant. Thus, the grid size R/A=16 m is
adopted in the present study due to considering the accuracy
of calculation and the cost of computer resources.

Comparison of Numerical and Experimental Results

To verify the accuracy of the numerical results, comparison of
bubble shape in different time #/,,, for the case C in Table 2
and the experimental results reported by Albadawi et al.
(2013) are performed in this section. As shown in Fig. 6, bub-
ble shape predicted by the axisymmetric VOSET method can
be in good agreement with experimental observations. For the
bubble departure volume, the numerical and experimental re-
sults are 29.36 mm”® and 30.074 mm’ respectively, and the
relative error is 2.37%. Therefore, it can be concluded that
the axisymmetric VOSET method can be adopted to simulat-
ed quasi-static bubble formation.

Results and Discussions

This section presents the numerical results of the effects of gas
flow rate, orifice size, surface tension, contact angle, liquid
density, and gravitational acceleration on quasi-static bubble
formation from a submerged orifice. To describe bubble be-
haviors, the following parameters are defined.

g P Hy Ogl
A’:_a A = )\t:_a Ad: 25
£ gO g pw ! lu’w JgW ( )

where g is terrestrial gravity which equals to 9.81 m/s*. Aps
Au» Ao are the ratios of density, viscosity, and surface tension
coefficient between the liquid adopted in this section and wa-
ter. Physical properties of gas and water can be found in sec-
tion 3.1, which keep constant in the following simulation. For
all numerical examples in the present study, the gas flow rate

Table 1 L, error norm for curvature estimated along a circular interface using the VOF and VOSET methods at different grid systems
Case A Ry/A L= \/z,.N (i X R/2~Fewees X R/2)2/N
VOF VOSET
A 120 5 0.164 2111072
B 1/40 10 0.236 1.72x 1072
C 1/80 20 0.428 1.17x1072
D 1/160 40 0.885 1.35x1072
E 1/320 80 1.736 1.81x1072
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Fig. 5 Schematic illustrations of
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is lower than the critical value Q,.,, which is calculated by the
following equation (Oguz and Prosperetti 1993).

Q ( 16)1/6 (Ug/R>5/6
it — T\ 73 -
' 3g? P

Influence of Gas Flow Rate

(26)

The effect of gas flow rate on the process of quasi-static bub-
ble formation is shown in Fig. 7, where bubble shapes at
different time #/¢,,, are provided for Q =200 ml/h and Q=
1000 ml/h with the conditions of R.=1 mm, A\,=1, A\, =1,
Au=1,A,=1,and § =30°. As shown in Fig. 7a, a hemispher-
ical bubble at the initial time located on the orifice, and grad-
ually becomes a truncated tear shape (#/¢,,,=0.8) with the
increase of the bubble volume. During the detachment stage,
the bubble bottom gradually shrinks and eventually becomes a
neck shape. Compared with Fig. 7a, b presents a similar pro-
cess of bubble formation and detachment, but the bubble size
for 0 =1000 ml/h is a little bigger than O =200 ml/h which

Table 2 Results of the grid-independent tests under the condition of
R.=0.8 mm and Q=200 ml/h

Case RJ/A A (m) Ve (mm®) Dy, (mm)  Ey (%) Ep (%)
A 4 20x10* 2542 3.65 1461  5.19
B 1.0x10% 2819 3.78 531 1.82
cC 16 50x107° 2936 3.83 1.38 0.52
D 24 33x10° 29.77 3.85 0 0

Velocity inlet B.C

can also be observed in Fig. 8a and b. Besides the initial time,
the bubble height L for O = 1000 ml/h is always higher than
0 =200 ml/h, and the differences gradually increases with #/
t4: changing from 0.0 to 0.9, but the detachment stage (#/¢.; >
0.9) has an opposite trend owing to quickly bubble rising for
0 =200 ml/h. Also, the bubble width M has the similar trend.
It can also be seen that the position of the smallest part of the
neck approximately equals to the orifice radius R,., which is
not significantly affected by the gas flow rate.

The effect of gas flow rate on bubble departure volume
Ve, departure diameter D,,,, and departure time 7., is shown
in Fig. 9. It can be seen that the bubble departure volume and
departure diameter almost linearly increase with the gas flow
rate during 200 ml/h and 1000 mV/h, and the increase rates are

Numerical results Experimental results

Fig. 6 Bubble shape at different time #/#,,=0, 0.2, 0.4, 0.6, 0.8, 1.0 of
numerical results and experimental results (Albadawi et al. 2013)
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Fig. 7 Bubble shapes at different Tr s
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0.716 mm>/(100 ml/h) and 0.025 mm/(100 ml/h), respective-
ly. Considering the previous investigations and the present
results, it can be concluded that the effect of gas flow rate on
the bubble shape, departure volume and departure diameter
for quasi-static bubble formation is very small. Compared to
other departure parameters, bubble departure time quickly de-
creases due to the fact that the variation of V,,, is much less
than that of the gas flow rate.

Based on the experimental investigations of literature (Di
Bari and Robinson 2013), it is known that for quasi-static
bubble formation, four forces act on the bubble, in which
capillary force and dynamic force resist bubble detachment,
and contact pressure force and buoyancy force promote bub-
ble detachment. Increase of gas flow rate results in the in-
crease of dynamic force which needs to be overcome by a
bigger buoyancy force, thus bubble departure volume in-
creases. But because the dynamic force is much less than the
capillary force, the effect of gas flow rate on bubble dynamics
is no significant.

Influence of Orifice Size
For quasi-static bubble formation, the primary force resisting

bubble detachment is the capillary force affected by the orifice
size, surface tension coefficient, and contact angle. The

influence of orifice size is investigated in this section.
Figure 10 shows the bubble shapes at different time for R. =
0.5 mm and R, = 2.0 mm with the conditions of Q =200 ml/h,
Ap=12,=1,A,=1,,=1.0,and 6 =30° It can be seen that
orifice size has significant influence on bubble shape. When
orifice radius (R, = 0.5 mm) is small, the ratio of bubble width
M and orifice radius R, gradually increases with time and
reaches the largest value at #/z,,, = 1. At the stage of bubble
formation, the bubble is approximately tear shape. But for the
larger orifice radius, the increase of the ratio M/R.. is small, and
the bubble is approximately semi-ellipsoidal shape. At the
detachment stage, it can be found that the smallest part of
the neck locates at the top of the initial bubble (#/¢,,, =0),
and the radius of the initial bubble equals to R.. Thus, the
larger orifice diameter leads to longer neck.

Figure 10 shows that the bubble size for R. =2 mm is more
larger than that for R.=0.5 mm. And, the influence of orifice
size on bubble departure volume V,,,, departure diameter D,
and departure time #,,, is shown in Fig. 11. It can be found that
orifice size has significant effect on bubble departure param-
eters. Bubble departure volume linearly increases with the
increase of orifice radius, and the increase rate is
35.63 mm’/mm. The results also denotes that the capillary
force and orifice radius is a positive linear relationship.
Larger orifice radius leads to a larger capillary force which

4.5

Fig. 8 Bubble height and width
versus time #/¢,,, with Q =200 ml/
h and 1000 ml/h 6

0 L

(a) bubble height L

(b) bubble width M

—e— 200 ml/h
—o— 1000 ml/h

—e— 200 ml/h
—o— 1000 ml/h

L L

2.0 L L L L

0.2
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Fig. 9 Effect of gas flow rate on bubble departure parameters

needs to be overcome by a larger buoyancy force. Thus, bub-
ble departure diameter and departure time also increase with
orifice radius.

Influence of Surface Tension Coefficient

Surface tension coefficient is the main parameter control-
ling surface force keeping bubble shape and capillary
force resisting bubble detachment. Thus, the influence of
surface tension coefficient on bubble formation and de-
tachment is investigated in this section. Bubble shapes at
different time #/t;,, for \,=0.25 and A\,=1.5 with the
conditions of 0=200 ml/h, R.=1 mm, \,=1, A\,=1,
Ag=1.0, and 6 =30° are shown in Fig. 12. It can be seen
that for smaller surface tension coefficient (A, =0.25),
smaller surface force leads to the decrease of the capacity
of keeping bubble shape, thus the bubble width at the
stage of bubble formation is similar to the orifice diameter
under the pull effect of buoyancy force. Increase in sur-
face tension coefficient results in the increase of the effect

80 6.0 - 1200
—o— bubble departure volume V,
70 —=— bubble departure diameter D, 55 1000
60 —e— bubble departure time Lo
5.0
g 50 = 1800
g g g
£ 40 45 =, Ty
N a ~
30 - 600
4.0
20
35 400
10 '
4200

0 1 1 1 1 1 30
0.50 0.75 1.00 1.25 1.50 1.75 2.00
R /mm

Fig. 11 Effect of orifice size on bubble departure parameters

of the surface force, which leads to the gradually increase
of the bubble width. It can also be found that bubble size
for A\, =1.5 is significantly larger than that for A\, =0.25.
As shown in Fig. 13, the effect of surface tension coeffi-
cient on bubble departure parameters is presented. Bubble
departure volume, departure diameter and departure time
increase with the increase of surface tension coefficient
due to the increase of capillary force. Bubble departure
volume has a liner relationship with surface tension coef-
ficient, which denotes that increase in surface tension co-
efficient results in the liner increase of capillary force.
Although surface tension coefficient is an important pa-
rameter, it has no significant effect on the position of the
smallest part of the bubble neck.

Influence of Contact Angle

The third parameter affecting capillary force is contact angle
which is studied in this section. Figure 14 shows the effect
of contact angle on bubble shape under the conditions of
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0=200 ml/h, A,=1, A\, =1, A\p=1, A\;=1.0, and R.=
1 mm. It can be seen that at the same time #/¢,,,, bubble
shapes for 6 =30° and 6 =45° have no significance differ-
ence, but slightly difference happens when contact angle is
60°. Carefully observed the bubble bottom, it can be found
that the contact line for 6 =30° and 6 = 45° is always fixed
on the orifice edge, and the detailed changing of the posi-
tions of contact line with time #/¢,,, for different contact
angle are shown in Fig. 15. For # = 60°, contact line gradu-
ally moves outward with time #/¢4,, from 0 to 0.45, and
subsequently retracts with time #/¢;,, from 0.45 to 0.85. As
contact angle further increases, the distance of contact line
away from the symmetry axis quickly increases, and the
retracting of contact line is delayed. For §#=75° and 0 =
90°, contact line retracts at the bubble detachment stage,
in which 6 = 90° has a more steep curve. It can also be found
that contact angle has no significant effect on the position of
the smallest part of the bubble neck.
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Fig. 13 Effect of surface tension coefficient on bubble departure
parameters
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The effect of contact angle on bubble departure volume
Ve, departure diameter D,,, and departure time f4., is
shown in Fig. 16. It can be seen that when contact angle
is lower than 60°, contact angle has no significance influ-
ence on bubble departure parameters. But, for contact an-
gle increasing from 60° to 90°, bubble departure volume,
departure diameter and departure time quickly increase.
The results denote that there is a critical value of the
contact angle to distinguish the effect of capillary force
by changing contact angle.

Influence of Liquid Density

The primary force promoting bubble detachment is the
buoyancy force affected by the liquid density, gravitation-
al acceleration and bubble volume, and the effect of liquid
density is investigated in this section. Bubble shapes at
different time #/74., for A\,=0.8 and \,=2.0 under the
conditions of 0=200 ml/h, R.=1 mm, A\,=1, A\,=1,
Ag=1.0, and 6 =30° are shown in Fig. 17. It can be seen
that the bubble size for A,=0.8 is far larger than that for
A,=2.0. The bubble width for A\,=0.8 quickly increases
with time, which is more larger than the case for \,=2.0
owing to the increase of the pull effect of buoyancy force.
Though different liquid density results in different bubble
shapes, liquid density has no significance effect on the
position of the smallest bubble neck.

With the increase of liquid density, achieving the same
buoyancy force needs a smaller bubble volume, which
results in the decrease of the bubble departure volume,
departure diameter and departure time. And, the changing
curves of liquid density on bubble departure volume V.,
departure diameter D, and departure time #,,, are shown
Fig. 18. It can be seen that the curves are not linear and
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the curvature gradually decreases, which denotes that
when liquid density is small, the changing of liquid den-
sity has more effect on bubble departure parameters.
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Fig. 15 Distance between contact line and symmetry axis changing with
time #/4,, for different contact angle

Influence of Gravitational Acceleration

In the space engineering, spacecraft operates in different
gravity environments, and the gravity level has significant
influence on bubble dynamics, two-phase flow, and heat
transfer (Pang et al. 2017; Zhang et al. 2018). Thus, the
effect of gravitational acceleration on quasi-static bubble
formation is investigated in this section. Figure 19 shows
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Fig. 16 Effect of contact angle on bubble departure parameters
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Fig. 17 Bubble shapes at Tr Tr
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bubble shapes at different time #/¢,,, for different gravita-
tional acceleration under the conditions of Q=200 ml/h,
Ap=1, A,=1, A\,=1, and 6=30° It can be seen that
when A, equals to 0.25, the bubble width at the stage of
bubble formation and detachment gradually increases, and
the bubble width for #/¢;,,=1 is far lager than the orifice
diameter. When ), increases to 0.75, the bubble width
and height at the same time #/¢,,, obviously decrease ow-
ing to the increase of the effect of buoyancy force. With
the further increase of gravitational acceleration, the bub-
ble width and height further decrease. Especially for A\, =
4, the bubble width at different time is very close to the
orifice diameter. Observed the neck of bubble bottom, it
can also be found that gravitational acceleration has no
significance effect on the position of the smallest part of
the neck.

Figure 20 shows the effect of gravitational acceleration
on bubble departure volume, departure diameter and de-
parture time. Compared to Fig. 18, it can be found that

60 5.0 4 1000
—o— bubble departure volume ¥,

50 F —=— bubble departure diameter D 41900
—=o— bubble departure time 7, 445

Fig. 18 Effect of liquid density on bubble departure parameters
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gravitational acceleration has the same influence on bub-
ble departure parameters with the liquid density. The fact
is that departure parameters gradually decrease with the
increase of gravitational acceleration, especially small
gravitational acceleration. By careful observation, it can
be concluded that the relationship between bubble depar-
ture volume, liquid density and gravitational acceleration
is Vyer<1/(gp))-

Conclusions

This paper presents an axisymmetric VOSET method for
the numerical simulation of quasi-static bubble formation
from a submerged orifice in a quiescent viscosity liquid,
in combination with the continuum surface force (CSF)
model and static contact angle model. The influence of
various operating conditions on bubble shape, departure
time and departure volume are investigated and analyzed.
Based on the detailed analysis and discussion of the nu-
merical results the following conclusions are presented.

1. For quasi-static bubble formation, substantial increase
in gas flow rate leads to little increase in bubble de-
parture volume, but results in a large decrease in de-
parture time.

2. Orifice size and surface tension have a positive liner
relationship with the capillary force resisting bubble
detachment. Thus, the increase of orifice size and sur-
face tension results in the linear increase of bubble
departure volume which produces large buoyancy
force to overcome the capillary force.

3. There is a critical value of contact angle. When con-
tact angle is smaller than the critical value, contact
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angle has no significance effect on the capillary force,
thus bubble departure volume nearly keeps unchanged
with the increase of contact angle. And, the contact
line is nearly fixed on the orifice edge. But, when
contact angle is larger than the critical value, increase
in contact angle leads to quickly increase in bubble
departure volume, and the contact line quickly moves
away from the orifice edge.

4. With the increase of liquid density and gravitational
acceleration, achieving the same buoyancy force need
a smaller bubble volume. Thus, it leads to a smaller
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Fig. 20 Effect of gravitational acceleration on bubble departure
parameters

bubble departure volume, but the decrease amplitude
gradually decreases.

5. At the stage of bubble detachment, bubble bottom gradu-
ally becomes a neck shape, and the position of the
smallest part of the neck approximately equals to the or-
ifice radius R..
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