Bubble formation from sub-millimeter orifices: experimental analysis and
modeling

E. Mohseni®* M. Eduarda Chiamulera?, S.F. Reinecke?, U. Hampela’b

4 Helmholtz-Zentrum Dresden-Rossendorf, Institute of Fluid Dynamics, Bautzner Landstraffe 400, 01328 Dresden, Germany
b Chair of Imaging Techniques in Energy and Process Engineering, Technische Universitiit Dresden, Dresden, 01062, Germany

Abstract

We developed a theoretical model that estimates the bubble size from sub-millimeter orifices under variable gas flow
conditions. The model is successfully tested for orifices with diameters in the range of 0.2 mm to 1 mm under both
quasi-static and dynamic bubbling regimes. The model is able to predict the final bubble radius with an accuracy better
than 20% compared with the experimental results. Moreover, we explicitly look into the influence of the gas reservoir
volume V, upstream of the orifice on the gas reservoir pressure P, by simultaneously monitoring the events, i.e. changes
in the state of bubble, upstream and downstream of orifices. We found that, variations in P, reduce as V. increases.
Analysis of the dynamics of the dominating forces acting on a bubble show that, enlarging V, mainly amplifies the
gas momentum force and the liquid inertia force. Hence, the bubble detachment mechanism may no longer be only
buoyancy driven.
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1. Introduction

Gas bubble dispersion is involved in many industrial processes that deal with heat or mass transfer as well as particle
separation [|1, 2, B, 4, 8]. In such processes, efficiency strongly depends on the available gas-liquid interfacial area and
therefore the bubble size. It is often required to reduce the bubble size in order to enhance process efficiency. This is
achievable by scaling down the opening from which bubbles are generated. Accordingly, sub-millimeter orifices are
currently of high interest in the industrial sector. Aside from the orifice size, the bubble volume depends on various
parameters [(]]. Among others, the volume of the gas reservoir V. upstream of the orifice has a decisive effect on the
bubble formation process as it defines the gas flux ¢ through the orifice into the bubble.

The gas feed and the orifice are hydraulically connected via the gas reservoir. For a very small V,, a high-pressure
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drop develops between the gas feed and the orifice. If the pressure drop is substantially higher than the pressure
fluctuations due to the bubble formation, ¢ can be assumed constant. In this case events upstream of the reservoir do
not interact with the events at the other end of the reservoir, where bubbles form because of the high flow resistance.
This condition is referred to as bubbling under constant gas flow conditions CGFC. The latter can be realized by using
a long capillary between the orifice and the gas reservoir [[7, 8]. On the contrary, when V, is not negligible, g varies
during the bubble formation. This is referred to as the bubbling under variable gas flow conditions VGFC. Tadaki [9]

defined the criterion at which the transition from CGFC to VGFC occurs using the dimensionless capacitance number:

4chpl
Nc = .
‘T ndP,

or

(M

Here, P, is the pressure at the orifice plate. According to Tadaki [9], for Nc > 1 formation of bubbles occurs under
VGFC. In practice, most of the bubble generators operate under VGFC since maintaining such a small V, that satisfies
the requirement of CGFC is not feasible. A further condition can arise when V. is substantially larger than the generated
bubble volumes V},. In this case, the pressure fluctuations due to gas flux through the orifice results in a minor change in
the gas reservoir pressure P,. This condition is widely recognized as the bubble formation under constant gas pressure
conditions CGPC and it occurs at Nc > 9 [9].

Depending on V., V,, can be calculated theoretically if the volumetric gas flow rate to the reservoir Q and the
orifice diameter d,, are known. For that, several theoretical models are available, which provide information about the
bubble dynamics as well as the bubble size during the formation. These models can be broadly classified into spherical
and non-spherical models. While non-spherical models require extensive computational effort, spherical models have
shown to be accurate in a wide range of operating conditions while being less computationally expensive [[10, 11, 12].
Therefore, these models remain thoroughly practical.

A summary of available spherical models for VGFC is given in Table [I. In the table, principal attributes of each
model are provided. VGFC models are divided into two categories. In the first category, the gas pressure level in
the reservoir is assumed constant and bubbles are generated under CGPC, i.e. Nc > 9. In this case, models consider
various forces on a bubble and apply the equation of motion to calculate the bubble volume. Detailed expressions of
acting forces are provided in Table P. Hayes et al. [[13] were the first to propose a model for CGPC. In their model,
the equation of motion is derived for a bubble which, in the first stage undergoes a radial expansion and in the second

stage experiences a translational movement. Davidson and Schuler [[14] approximated the volumetric gas discharge g
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through the orifice from the orifice equation:
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where, K is an orifice constant. In Equation (f]), the effects of liquid viscosity and liquid kinetic energy are ne-
glected. Moreover, the viscous drag force is also excluded from the equation of motion of the bubble. Satyanarayan
et al. [[15] used the same approach and calculated the bubble volume within two stages. They calculated g from Equa-
tion (). However, they considered a constant gas flow rate for the second stage with a value calculated at the end of
the first stage.

In the second category of VGFC models, ¢ and P. are assumed variable. In this case, different approaches are
proposed to account for the change in g. While Khurana and Kumar [[16] used an electrical analogy to obtain g, Swope
[[L7] used a modified average volumetric gas flow rate Q entering the gas reservoir. Swope [IL7] multiplied Q to the
ratio of the bubbling time #;, over the sum of 7, and the waiting time 7,,. Park et al. [[L8] applied a material balance in the
gas reservoir and the ideal gas law for an adiabatic condition to correlate P, and V... Subsequently, the bubble volume
Vj, is calculated since the gas flow rate is equal to the change of V.

More recent VGFC models use the application of the potential flow theory to account for the liquid flow velocity
surrounding a bubble. This theoretical approach was first used by McCann and Prince [[19]. They modeled the motion
of a bubble which experiences a radial expansion and translational motion through an unbounded surrounding liquid.
In this case, the velocity potential ¢ can be described as follows:

3 2
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Here, r is the length of an imaginary line between a given point in the liquid and the center of the bubble, and § is the
angle between this line and a virtual line perpendicular to the orifice plate. Subsequently, the pressure in the liquid

phase is calculated via the unsteady form of Bernoulli’s equation:

P 99 U? P,
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In a similar approach, Kupferberg and Jameson [20] considered the effect of the adjacent orifice wall. To account

for the influence of the adjacent wall, the method of images from Lamb [21] is adopted in the potential function:
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By substituting Equation () into Equation (H), it is possible to calculate the liquid pressure at the bubble inter-
face. Accordingly, the bubble pressure can be calculated using a pressure jump at the interface due to the effect of
surface tension. Moreover, g is calculated using the law of conservation of mass and the first law of thermodynamics.
Eventually, a system of ordinary differential equations is solved to calculate V},.

McCann and Prince [[19] included the effect of liquid inertia due to the bubble translational motion. They also
considered the wake effect from the preceding bubble. Kupferberg and Jameson [20] proposed a criterion for liquid
weeping into the orifice. Tsuge and Hibino [22] considered an empirical coefficient to incorporate the effect of liquid
viscosity. Dias [23] accounted for the influence of the gas kinetic energy which was neglected in the model proposed
by Kupferberg and Jameson [20]. Zhang and Tan [24] used Oseen’s modification to the potential flow theory to provide
a more realistic prediction of the wake pressure of the preceding bubble. Later on, they proposed a model including
the effect of liquid phase cross-flow [25]. Ruzicka et al. [26] used the mass balance and the Hagen—Poiseuille equation
to calculate the gas flow rate into the bubble. Besides, they used the Rayleigh-Plesset equation to relate the change of
bubble size to the pressure change in the reservoir and the bubble.

According to Table [, sub-millimeter orifices have not been considered in any models under VGFC. This limita-
tion is believed to be due to V... According to Equation [Il, V, is directly proportional to the squared d,,,. Therefore, by
changing the orifice size from the millimeter range to the sub-millimeter range under VGFC, V. has to be significantly
reduced. In this context, we provide a model based on the prior works of Kupferberg and Jameson [20] and Dias [23]
with certain modifications. The model is presented in Section [ and later it is validated experimentally. The experi-
mental setup is presented in Section . Aside from the model, we had a close look at the simultaneous developments
of pressure variations in the gas reservoir and the bubble interface at different levels of V.. Moreover, the leverage of
various forces acting on a bubble under VGFC are discussed. These parameters, as well as the validation of the model,

are presented in Section f.



Table 1: Spherical models for bubble formation under variable gas flow conditions VGFC.

Reference Method dyr (mm) Eo We x 10° Nc Detachment criterion
Hayes et al. [[13] equation of motion 0.79-6.35  0.08-2.04 1-35 4-261 exp. observation
Davidson and Schuler orifice equation and  0.52,0.64  0.05-0.08 0-31 (1.6-2.5) x 10*  sp=rp+ 7,
[114] equation of motion
Satyanarayan et al. [|L3] orifice  equation and 0.51-4 0.04-5.29 4.1-86 293-18046 Sp="Tp+Tor
equation of motion
Potter [27] force balance, equation of No validation Ly =ror
motion
Khurana and Kumar [|16] force balance, equationof 2.7 1.72 0.16-2.48 0.9-10 Sp="rp+Tor
motion
McCann and Prince [[19] Bernoulli equation, ori- 4.76-9.52 3-12.1 0.47-136.8 2.9-150 Sp=1p
fice equation, potential
flow theory
Kupferberg and Jameson force balance, orifice 3.17-6.35 1.35-5.41 0.02-21.78 0.06-60 Sp="Tp+Tor
[20] equation, potential flow
theory
Swope [17] orifice equation 1.345 0.24 (0.05-0.28) x 103 35 analytical solution
Park et al. [[18] material balance, applica- 1.21-3.3 0.13-7.18 0-0.09 0.09-84 AP, =40y, /d,
tion of ideal gas law
Tsuge and Hibino [22] orifice equation, modi- 1.08-2.12 0.16-0.81 0-7.47 1-75 Iy =dyr
fied potential flow theory
Dias [23] mass and energy balance, 3.2 1.39 6x107° 5 sp = 1.55r,
orifice equation, potential
flow theory
Zhang and Tan [24] mass and energy balance,  3.2-9.6 1.39-12.55 <93 1.4-26 Sp="1p
orifice equation, potential
flow theory
Zhang and Tan [25] mass and energy balance, 4.8-6.4 3.14-6.4 0.41-0.98 25-45 sp = rp+(1—0.02U;)d,,
orifice equation, potential
flow theory
Ruzicka et al. [26] mass balance, orifice 1.6 0.35 (0.14-1.55) x 1072 17 Sp =1y +dor
equation, Rayleigh-
Plesset equation, equa-
tion of motion
Table 2: Detailed expression for the forces acting on a bubble.
Forces Expressions Direction Units
Buoyancy force Fg = g(p1 — pg)V — pighmr3 Upward [m.X]
_ (20 2 2 N
Pressure force Fp= (T + pggh) nr; Upward [m*.25]
Gas momentum force  Fy = pg Lo Upward [Ag m m—z]
M_pgﬂrtz,r p m3s s
Surface tension force ~ Fg = 2w 0ygrysin Downward  [X ]
Drag force Fp = 1p/CpA, U2 Downward [mz%]
g . /11 du, dvy, kg m*
Liquid inertia force Fii= (16P1+Pg) [Vb Gt tUsrgt| Downward [-.7]
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2. Modeling

The new model solves the bubble volume in two consecutive stages: the expansion stage and the elongation stage.
In the former stage, the bubble grows in the radial direction while it remains attached to the orifice. Hence, the axial
elevation of the bubble in this stage is due to the radial expansion. The termination of this stage occurs when the forces
acting on the bubble are at equilibrium. During the elongation stage, the bubble undergoes a translational motion while
it radially expands as well. The termination of this stage is defined based on the detachment criterion proposed by

Mohseni et al. [28]. The model bases on the following assumptions:

» The bubble remains spherical throughout the formation process except at the bubble base, which can freely

expand on the orifice surface.
* The equilibrium contact angle remains constant throughout the formation process.
» The submergence level of the orifice is much larger than the size of the bubble and the wall effect is negligible.
» The gas phase is assumed to be ideal and obeying an adiabatic equation of state.
* The liquid phase is assumed inviscid, irrotational and incompressible.
* The wake of the leading bubble does not affect the formation of the bubble.

A schematic of the stages of the model is illustrated in Figure [Il

Py Py

7y(t)
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Figure 1: Schematic of the expansion stage (left) and the elongation stage (right) of a bubble in the model.

Change in the reservoir pressure due to the discharge of the gas through the orifice can be expressed using the
continuity equation and the equation of state of an ideal gas. Considering a control volume CV enclosed in a control

surface CS for the gas reservoir, the continuity equation can be written as follows:

= oA WP .\
/Csng-ndS—l-/CVWdVC—O. (6)



Here, U is fluid velocity and 7 is the unit exterior normal to the CS. Assuming that gas enters the reservoir at the
inlet and exits from the orifice, and assuming that the density and the pressure of gas are uniformly distributed in the

reservoir at all times, Equation () becomes:

ey, o, @

—pUiS; UurSor
pglz+pg0 0+dt

Here, S; and S, are the cross-sectional area of reservoir inlet and outlet, respectively. The equation of state of a perfect

gas in the reservoir can be written as follows:
2
p= B (8)

Here, ¢ is the speed of sound in the perfect gas and ¥ is the heat capacity ratio of the gas (y = C,/C,). Since ¢ and y

can be assumed constant, Equation (§) can be written as follows:

dp,  ydp
dt ¢ dt ©)
By inserting Equation (f) in Equation ([@), we arrive at the following:
2p,
Pe—(Pe)i=0 = — Vo — (Vi)i=o — Q1] (10)
We

Here, t = 0 indicates the initial condition of the corresponding parameter.
A mass balance for an imaginary control volume limited by the gas reservoir cross-section S, and the outer cross-

section of the orifice S,, yields:

Sorpor

U. =1, .
c or ScPc

(11)

It is assumed that the gas in the orifice is incompressible. For the highest gas flow rate through the smallest orifice in our
experiments, the Mach number Ma did not exceed 0.09. This is far below Ma = 0.3 beyond which the compressiblity
effects of the fluid becomes important [29]. Hence, the assumption of incompressibility of the gas in the orifice seems
to be adequate. Therefore, the gas density in the orifice p,, is equal to p.. Moreover, assuming the flow of gas to be
isentropic, steady, and irrotational, the macroscopic energy balance for the aforementioned imaginary control volume

leads to the Bernoulli’s equation:
e R 12
Pc+ ZPCUC —Por+2porUgr- ( )

The above correlation describes the relationship between the pressure in the gas reservoir P, and the orifice P,,.

Assuming that the latter is equal to the bubble pressure P, and substituting Equation ([L1}) in Equation ([2), ¢ can be
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calculated as follows:

q:CdSm' (13)

Here, C; is the orifice discharge coefficient which accounts for the jet-contraction (vena contracta) and non-
uniformity of gas flow velocity across the orifice. The orifice discharge coefficient is calculated according to the
ratio of the orifice cross-section to the gas reservoir cross-section  and the Reynolds number of the gas flowing in the
reservoir Re. = pod U,/ 14 as follows:

91.7182%3
. 14
R (4

€c

Cs=0.5959+0.03128>" —0.184B% +

According to the experimental values, the orifice discharge coefficient usually lays within the range 0.6 and 0.62
[34, B1].

Since the liquid flow field around the bubble is assumed to be inviscid and irrotational, the potential flow solution
can be applied. For the case in hand, the influence of the orifice wall is considered and the zero normal velocity at the
wall is satisfied. Accordingly, the wall effect can be simulated using the potential flow solution for the fluid around
two equisized spheres, which simultaneously expand and move away from each other along the same axis. This is
represented by Equation (B) given s, > r,. Hence, it can only be used from the termination of the expansion stage. The

liquid pressure around the bubble can be described using the unsteady form of Bernoulli’s equation:

Pl _ 8¢ Ul2 Por
o a2 (sp+rcosd)+ o (15)

where P, = Py, + p1gh and,

> (99 [(199)°
- (20) (12 a9

By using the the potential function provided in Equation (B), the liquid pressure at the bubble interface P, at r = r,,

can be calculated as follows:

d? 3 (dry\* .
P = Pu + pigh +py (rbdtr2b> + 3 (drtb) —gsp+Tcosd+Thcos> 5 +T3sin’ S | . (17)
The coefficients I'j, I'», and I'5 are provided in . Subsequently, the bubble pressure is B, = Py + 20y, /Ty

by considering the surface tension pressure. As mentioned earlier, it is assumed that the bubble maintains a spherical
shape. The pressure gradients travel with the speed of sound within the bubble. Hence, the bubble pressure can be

taken constant, and yet it is independent of 8. Hence, the term with cos 8 in Equation ([L3) can be disregarded. The



final equation for the bubble expansion stage can be obtained by substituting for P. and P, from Equations ([L0) and

modified ([[7) in Equation ([[3) as follows:

Vi — (Vb )i=0 — Q1] —

2 2 2
drb_ Sp 3 (d}’[,) _ C"Pg [ (18)
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2
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The system of equations is numerically solved to calculate ry, %, and time f,, at the end of the expansion stage

using the standard Runge-Kutta fourth-order scheme given the following initial conditions:

d()r
(")izo = 50 g (19)
drb
) -0 20
( dt )r() , ( )
ZGIg
(Pe)i—g = Purm + p1gh+ : 1)
(’"b)t:O
20
(Py)y—o = Pum + prgh+ —5—. 2)
(”b)t:O

In the experimental setup, the ratio of the diameter of the orifice to the one from the gas reservoir is less than
0.03. Hence, the ratio of S,,/S. in Equation ([13)) is assumed to be negligible. In the presented model, the bubble base

expansion is enabled, hence the bubble instantaneous volume can be calculated as follows:

4 1
Vo= Sl (1 —cos 02 +cos ). =

The expansion stage concludes when the sum of all forces on the bubble is equal to zero. This criterion is satisfied

when the integration of the liquid force on the bubble interface in the vertical direction from Equation ([L7) is zero and

Sp = rpcos Y.
T
/ (27rf’i,,,r2 sin§cosd),—,, =0. (24)
0
The mathematical derivation of Equation (24) is provided in [Appendix B. During the elongation stage, the bubble

acceleration is neglected. The bubble, however, has a radial expansion and translational motion. Therefore, the condi-

tion s, = r, cos ¥ no longer holds and the system of equations needs to account for an additional correlation regarding



the unknown s;,. This is obtained by substituting for P, in Equation (24) from Equation ([L7):

sy [ [3(m) L3 (N Em) (L3N ()] (4,

az |\ 8\s ) Tea\s,) | a2 l8\s, ) T\, d
LI (N 9 () (4 )\ (L3 9 (m\°](dn)(dn s
rp | 16 \ sp 64 \ sp dt rp |2 128 \ sy dt dt (25)

~1
1 3/n\° 3 [/rn\°
2 16 \ sy 128 \ s
Here again, the system of equations is solved using the standard Runge-Kutta fourth order method with following

initial conditions:

(rb)[elzo =Te, (26)

(flm) _ (m) 7 27)
dr to1=0 dt t=tey

(Sb);,,—0 = recos B, (28)

dsb ) ( drb )
= =(=2 . (29)
( dt =0 dt tty

The elongation stage terminates using the detachment criterion proposed by Mohseni et al. [28]. This criterion relates
the non-spherical geometry of a bubble prior to the detachment to its equivalent spherical shape. The criterion is as

follows:

Dy
3 _p, (j’) 1 D;. (30)

dOr or

Here, coefficients D; to D3 are as follows:

D1 =0.2453, D, = 1.279, Dy = 1.485. (31)

3. Experimental methods

A detailed description of the experimental setup is given in Mohseni et al. [28]. Hence, only necessary information
is provided here. Table § provides the specifications of both phases. A bubble column made of acrylic glass with dimen-
7 sions (80x80x 1000 mm?®) was filled up to 800 mm with deionized water. Local bubble rising induced liquid velocity

in the column is suppressed using three wire-mesh baffles at 100 mm above the orifice plate with 150 mm spacing be-

10
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tween the baffles. Stainless-steel circular orifice plates with 0.5 mm thickness and roughness of Rz = 1 +0.03 um are
mounted on a gas reservoir. Each plate contains a single perforation in the middle. The volume of the gas reservoir is
accurately adjusted using a precision linear-stage with less than 25 pm positioning error in 100 mm displacement. The
dynamic pressure fluctuations in the gas reservoir are monitored using a sensitive microphone, model 106B52 from se-
ries 106B microphones of PCB Group, Inc. The resolution of the sensor is 1.3 pubar and a response time of 12.5 us. The
signal of the dynamic pressure sensor was recorded synchronously to the camera by a transient data recorder, LTT24
from Labortechnik Tasler GmbH, at a sample rate of | MHz. Consequently, the changes in the reservoir pressure were
tracked simultaneously to the bubble growth.

Table 3: Characteristics of the continuous phase and the dispersed phase.

Medium k(&) p(%) w10
Deionized water 34.1 998.2 89 x 10~ 25
Air 3x1071 1.184 1.84x107° 25

Table | provides information regarding the range of experiments. The surface tension coefficient and the apparent
contact angle were measured at 0.072 N/m and 74° 0.7, respectively. For each orifice, two gas flow rates corre-
sponding to the quasi-static bubbling regime and the dynamic bubbling regime are studied [§]. The transition from the

quasi-static regime to the dynamic regime is indicated by the critical volumetric gas flow rates Q. as follows [32]:

1 5

16 \® [ Gredor ) ¢
=2 , 32
Q n(382> ( 2p > 32)

Accordingly, the normalized rates of Q/Q, = 0.5 and Q/Q. = 1.5 were fed to each orifice to generate bubbles

under the quasi-static regime and the dynamic regime, respectively. The influence of V. can be represented by the
capacitance number Nc. Previous studies defined the range 1 < Nc < 10 in which the influence of V. should be
considered [33, [L6]. However, this range is mostly validated for millimeter-sized orifices. In the current investigation,
a wide range of 0.2 < Nc¢ < 50 is covered within two sets of experiments. The first set of experiments covers a
comparable range of Nc¢ as previous investigations. Accordingly, the influence V, on the bubble formation is studied at
constant gas flow rates of /0, = 0.5 and Q/Q, = 1.5 in arange of 0.2 < Nc¢ < 15 for all orifices. The corresponding
measurement matrix is provided in Figure P (left). In the second set of experiments, the range of Nc is extended for
the orifices smaller than 0.5 mm up to Nc = 50, see Figure J (right). The gas flow rate for this set of measurements is
kept constant at Q/Q,. = 0.5. To investigate the bubble dynamics, videometry with a back-light technique is utilized.
The processing of the images is done using a proprietary image processing algorithm developed by Ziegenhein [34].

Detailed explanation of the optical measurement technique as well as the image processing method are explained in

11
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Mohseni et al. [28].

Table 4: Characteristics and operating conditions at various orifices operating under VGFC.

D d,y (um) Q(3mL) Q. (3ML)  E5(x107%)  We(x10°) Nc¢

0-200 207 995 , 298 19.9 5.770 022 , 19 02 -~ 50
0-300 315 141 , 423 282 13.32 011 , LIl 02 - 50
0-400 412 176 , 528 353 22.82 008 , 077 02 - 50
0-500 488 203 , 609  40.6 32.01 007 , 062 02 --- 50
0-600 614 245 | 736 490 50.30 005 , 044 02 --- 15
0-700 699 274 , 822 548 65.59 004 , 038 02 --- 15
0-800 788 303 , 90.8 605 83.31 004 , 032 02 --- 15
0-900 887 334 , 100 66.8 105.7 003 , 028 02 --- 15
0-1000 993 367 , 110 73.4 132.3 003 , 024 02 --- 10

102 r O 0-200 > 0-400
A 0-300 Vv  0-500
1()1 * : e 10l - ' * )
0.2 1 3 5 71015 0.5 1 5 10 50
Nc Nec

Figure 2: Data points for the investigations on bubble formation under VGFC, up to Nc = 15 (left) and up to Nc = 50 (right).

4. Results and discussion

4.1. Pressure variations in the gas reservoir

Pressure variations in the gas reservoir AP, are explained using the exemplary orifice O-300 operating at a low gas
flow rate Q/Q, = 0.5 with small, medium, and large values of V.. Figure 3 shows development of AP, in a small V,
for three consecutive bubbles. In this case, after bubble detachment, the gas-liquid interface enters into the orifice.
Due to the liquid weeping, V. reduces. The latter, along with simultaneous gas feed into the reservoir Q, results in a
sharp increase in AP, up to the point (/) in Figure f. From this point, AP, linearly increases, although the gas-liquid
interface is still inside the orifice. Tracking the curvature of the bubble-cap from point (II) to point (11I) suggests that,
the radius of the bubble-cap within this period remains constant, see Figure i. This radius is equal to the orifice radius
and it is known as the critical radius. Considering the similar trend of the pressure evolution before and after point

(II), one can assume that the critical radius is already achieved at point (7). From this point, the gas pocket is rising

12
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through the orifice. There is no simple explanation for the behavior of the gas-liquid interface for the period before
point (1). However, the influence of the liquid weeping and consequently the effect of the liquid inertia and the liquid
viscosity in such a small gas reservoir is believed to be highly relevant.

@ (1) am a

9

02 02
S 0 S 0
% % \/
< 0. < 0. 1 11)€«— (111
QS 0.2 Qs 0.2 @) 1) (1)
< <
0.4 0.4 )
0 50 100 150 200 250 0 20 40 60 80
t (ms) t (ms)

Figure 3: Pressure evolution in the gas reservoir for three consecutive cycles (left) and the first cycle only (right) of bubble formation from O-300
at Q/Q. = 0.5 with V. = 0.003 cm> and Nc = 0.5.

0.5 mm
P - - Y
t=61 ms t=63 ms t=65 ms t=66 ms

Figure 4: Evolution of the bubble-cap prior to the spontaneous growth, = 61 ms and 7 = 66 ms refer to the points (/1) and (/II) in Figure B,
respectively.

By increasing V., the range of AP. reduces. The value of AP, in the case of the bubble in Figure § is 0.15 kPa,
compared to 0.65 kPa in the case of the bubble in Figure B. Liquid weeping also occurs in this case, although no sharp
increase in AP, can be observed after the departure of the leading bubble. In comparison to the case with smaller V,

the duration of the formation cycle is almost half and AP, decreases linearly during the gas discharge to the bubble.

13
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Figure 5: Pressure evolution in the gas reservoir for three consecutive cycles (left) and the first cycle only (right) of bubble formation from O-300
at Q/Q. = 0.5 with V, = 11.8 ¢cm?® and Nc = 15.

By further increasing V., AP, decreases even more. In this case, the volumetric gas discharge into the bubble ¢
becomes so high that it causes a change in the bubbling regime. However, even with a new bubbling regime, the
maximum AP, remains lower than for smaller reservoirs. As it can be seen in Figure [, AP. drops quickly in the
course of spontaneous bubble formation. The first bubble is generated within less than 10 ms, Figure | point (I).

120 Subsequently, the secondary bubble grows and reaches out to the leading bubble. The growth of the secondary bubble
is believed to be due to the high gas kinetic energy during the discharge process, re-establishment of a spherical gas
pocket after the bubble detachment, and the influence of the wake of the leading bubble by establishing a low-pressure
area above the secondary bubble.
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Figure 6: Pressure evolution in the gas reservoir for three consecutive cycles (left) and the first cycle only (right) of bubble formation from O-300
at 0/Q. = 0.5 with V. = 15.77 cm® and Nc = 20.

Figure E shows the trend of maximum pressure variations in the reservoir AP, ., With regard to V. and therefore

s Nc. In this figure, AP, is normalized using the capillary pressure of the orifice Peyp = 40y, /dor. According to
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Equation 22 and for a similar experimental conditions, the minimum required P. for formation of bubbles from various
orifices depends only on P, and consequently d,.. Hence, AP j4x / P.qp in Figure @ not only indicates the trend of
maximum pressure variations but also its portion with regard to d,,. In general, AP, 4, reduces as Nc increases. By
increasing Nc, AP, 4y initially remains constant or slightly increases and reaches to a maximum. From this point
onward, the influence of V,. becomes important. For 0-200, the maximum AP, ;4 is only about 20% of P.,, and the
influence of V.. can be seen even with the smallest reservoirs. However, Nc > 20, AP, .4, seems to be independent of Nc¢
for 0-200. In the case of 0-300, AP 4, initially increases, which is due to the increase in the size of generated bubbles,
and then it gradually reduces to about Nc = 11. At this point, AP, ;.. increases again which is due to the change in the
regime of bubbling from single bubbling to double bubbling. For orifices larger than 0-300, the magnitude of AP, 4x
due to the bubble formation increases. Moreover, the trend of the evolution of AP, . by increasing Nc becomes
similar among the orifices. However, the local maximums of AP, ;... occurs at slightly different Nc.

Above observations suggest that, for sub-millimeter orifices the range of Nc¢ within which the influence of V. on
bubble formation should be considered, varies with the orifice size. In other words, VGFC can be achieved in different
ranges of Nc¢ for sub-millimeter orifices. This is in contrary to observations from millimeter orifices where the lowest
and the highest limits of VGFC reported to be Nc = 1 and Nc = 10, respectively [9, [L§]. Moreover, AP ;4 is directly
related to the size of the orifice d,,, the rate of volumetric gas flow Q, the size of the gas reservoir V., and consequently
the diameter of bubbles dj, generated from the orifice. Hence, to interpret the behavior of AP, 4y, the influence of

these parameters should be considered simultaneously.
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Figure 7: Pressure variation in the gas reservoir due to bubble formation at 9/Q. = 0.5 at various capacitance numbers.

4.2. Forces acting on a bubble

Figure [ illustrates the typical evolution of the acting forces on the bubble during the formation from 0-1000 and
0-600 at 0/Q. = 0.5. The magnitude of individual forces is calculated from the expressions provided in Table . In
the calculation of forces, the influence of the dynamic apparent contact angle ¥ and the bubble base expansion are
included. In the case of orifices in Figure §, the dominant forces are respectively the buoyancy force Fz and the liquid
inertia force Fy; in upward and downward directions. Moreover, depending on the size of the gas reservoir V,, the
gas momentum force Fj; and the surface tension force Fy can be relatively important. For the bubble generators with
a small V, corresponding to Nc = 0.2, Fg remains important throughout the formation of the bubble, except shortly
after the beginning of the formation. As the bubble starts to expand, the apparent contact angle temporarily reduces
to nearly zero. Hence, the magnitude of Fg reduces accordingly. By increasing V,, the duration in which the apparent
contact angle ¥ is negligible prolongs toward the later stage of the formation. Hence, the contribution of Fg on the
formation process becomes less important. The magnitude of Fy; increases with V,. It is previously explained that one
of the circumstances of increasing V. is the generation of larger bubbles. This increase in the bubble volume is a result
of the excessive ¢, which in turn amplifies Fj; and consequently enhances Fy;. The latter is related to the velocity and

acceleration of the bubble, see Table fl. For the given range of orifices and gas flow rates, the influence of the drag
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force Fp is negligible. Similarly, the influence of the pressure force Fp is insignificant except at the very beginning of

the formation process.
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Figure 8: Typical evolution of forces acting on a growing bubble for 0-1000 and 0-600 at Q/Q. = 0.5 with various gas reservoir sizes (legend:
oFg>Fp o Fy OFs » Fp V Fpy).

By reducing d,,,, the influence of the gas kinetic energy becomes more important. Hence, Fj; acts effectively and
pushes the bubble in the axial direction. On the contrary, the Fy; resists this bubble elongation and becomes the only
dominant downward force during the formation. As it can be seen in Figure B, both F;; and Fy; grow in magnitude
as Nc increases. On the upward direction and by increasing Nc¢ or reducing d,,,, Fjs takes over Fp and becomes the
dominant upward force. Moreover, by reducing d,,,, the influence of Fp becomes stronger as a result of the formation of

smaller bubbles. Similar to the larger orifices, the contribution of Fp is negligible regardless of the size of the orifice.
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Figure 9: Evolution of forces acting on a growing bubble for 0-400 and 0-200 at Q/Q. = 0.5 with various gas reservoir sizes (legend: o Fp &> Fp

Fy OFs » Fp V Frp).

4.3. Model validation

The presented model solves the bubble volume from a spherical submerged orifice with a diameter in the range of
0.2 < d,; < 1 mm in the range of 0.5 < Q/Q, < 1.5 under VGFC. The model is limited to the prediction of the bubble
size that is resulted from a single detachment from the orifice. As V. can alter the bubbling regime, the limit of the
presented model, is in the range of 1 < N¢ < 10. Figure [[(j compares the solution of the model with the experimental
data from various orifices and volumetric gas flow rates. As it can be seen, the increasing trend of r,/r,, with Nc¢

from the model agrees with experimental results. Moreover, the agreement remains consistent when the normalized

gas flow rate Q/Q. is tripled.
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Figure 10: Comparison between the solution of the model (dashed-lines) and experimental data (scattered points) for various orifices at
Q/0 < 0.5 (left) and 0.5 < Q/Q, < 1.5 (right).

s The model predicts the final bubble radius with an accuracy better than 20% compared with the experimental results.
Figure [L1| reports on the deviation of the solution of the model from experimental data. Accordingly, Figure [L1] (left)
compares the cumulative data from all the studied orifices in the range of the model validation, 0.5 < 0/0Q, < 1.5.
Figure [11] (right) depicts the averaged relative error and standard deviation calculated based on the solution of the

model and experimental data.
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Figure 11: Parity plot of the model prediction and experimental bubble radius (left), and deviation between the model predictions and experimental
data for different orifice sizes (right).

19



180

185

190

195

200

205

5. Conclusion

We studied the formation of bubbles from sub-millimeter orifices submerged in deionized water under VGFC.
Accordingly, we conducted a study on influential parameters, namely the orifice diameter d,,,, the volume of the gas
reservoir V., and pressure attributes in the reservoir P.. Moreover, we developed a theoretical model that accurately

estimates the bubble size from sub-millimeter orifices under VGFC. A summary of the main findings is as follows:

* For sub-millimeter orifices and during the formation of a bubble, enlarging V, results in formation of larger

bubbles. In this case, as V. increases, g progressively increases during the formation process.

* The range of variation of the dynamic pressure in the gas reservoir due to the bubble formation reduces as V,

increases.

 Analysis of various forces acting on a bubble during its formation indicates a decisive influence of V, on the
arrangement of dominant forces on the bubble. Increasing V. enhances ¢, which in turn amplifies the gas mo-
mentum force and the liquid inertia force. For d,, < 0.4 mm, however, ¢ is dominated by d,, and it is less

influenced by V..

» The presented model predicts the detachment bubble volume from a sub-millimeter submerged orifice under
VGFC. Compared to the earlier models, the model includes the influence of the apparent contact angle and the
expansion of the bubble base. Moreover, the model uses a new detachment criterion which correlates the non-
spherical bubble shape from the experiments to the spherical bubble volumes calculated from the theoretical
model. Incorporating these parameters yields an accurate estimation of the bubble volume within the validation

range of the present study.

Clearly, V. has a substantial effect on the bubble size from single sub-millimeter orifices. For the future works, it is
suggested to characterize the effect of this parameter in the case of adjacent orifices that are hydraulically connected via

the same reservoir. Moreover, the effect of the gas pressure fluctuation on the bubble formation worth investigating.
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Appendix A. Coefficients in Equation ([L7)

The detailed description of the coefficients in Equation ([L7) are given below. As the distance of the bubble’s center

of mass to the orifice plate is equal or more than the bubble radius, the terms smaller than rZ / sZ are neglected.

L 31 d2 1 3 318 dry\*[3r7 973
) b % S+ - +(’b by b
dt 8s dt 16s;  128s) dt 853 853 AD)
<dsb) [ 9rh}+drbdsb {3 9r2 ]_ . .
Toas]) T an |27 1asss| 5
1 dsb 2
==t A2
2 z(dt) , (A.2)
ds;\’[5 97 6755 dro\2[ gr*  225¢11 dryds,[ 97 97
Ly=— (=) |+ b3+ 6b -(= . b4+ 7b - bz"' bs : (A3)
dr ) |8 3253 " 1284 dt 12858 ' 128s] | dr dt 1652 ' 63s)

Appendix B. Termination of the expansion stage

210 Mathematical derivation of Equation (24) is provided here. By substituting P,,, in Equation (24) using Equation ([L7)

and expanding the integral, Equation (R4) can be written as follows:

T . d2rb 3 db
/0 27rrism§cos6{pa,m—i—ngh—kpl[(rbdtz>—|— (dt) —gsb”d5+

T T 3
/ 27raly pysin 8 cos® 8d S + / 27ral2p;sin 8 cos® 8d S + / 2rr2l3ppsin’ §cos dS = 0.
0 0 0

(B.1)

In the above equation, only the second term on the left hand side of the equation has a non-zero value equal to % Hence,

to satisfy Equation (B.]), I'; has to be zero. Moreover, at the end of the expansion stage s, = r, cos ¥, %” = dd’}’ cos Y,

ddSb_dr[,

o7 = 42 cos¥. Hence, the condition for termination of the expansion stage is expressed as follows:

d2 3 3 1. 3 3
T1),—, = rb{(coszﬂJrcosSﬁ)Jr(Jrcos ¥ + — cos® 19)] (I+cos®d)+

d2 8 64 16 128
z Z I Z B.2
(dt) {(Scos 19+Scos 19) (16cos 19+64cos 19) B.2)
§ficosﬁﬂ (1+cosz§+cosz19)fgr costy =0
2 128 b '
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Nomenclature

Dimensionless groups

Ma
Nc

Re,

Latin symbols

Patm

Mach number, (=U/¢)

capacitance number, (= 4V,.p;/nd2P,,)

or

gas Reynolds number in the reservoir, (= pgd.U./ lig)

bubble surface area, m?

cross-sectional area of bubble, m?
sound velocity,

orifice discharge coefficient

drag coefficient

heat capacity at constant pressure
heat capacity at constant volume
bubble diameter, m

gas reservoir diameter, m

orifice diameter, m

Sauter mean diameter, m

bubble formation frequency, é
force, N

quasi-static bubble formation frequency, é
gravitational acceleration, mTZ
submergence depth, m
orifice constant

length of the bubble neck, m

atmospheric pressure, Pa
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P, pressure inside a bubble, Pa

P, pressure in gas reservoir, Pa

Peap capillary pressure, Pa

P critical pressure in gas reservoir, Pa

Py pressure at the bubble interface, Pa

P pressure in liquid phase, Pa

P, pressure at the orifice plate, Pa

q volumetric gas flow rate through orifice, m{

0 volumetric gas flow rate into the gas reservoir, %3
0. critical volumetric gas flow rate, ‘%3

p bubble radius, m

rq bubble base radius, m

Te bubble radius at the end of radial expansion stage, m
Tor orifice radius, m

Rz arithmetic average roughness, m

S cross-sectional area, m?

Sp distance from bubble’s center of mass to the orifice plate, m
Se cross-sectional area of gas reservoir, m?

Si cross-sectional area of gas reservoir inlet, m?

Sor cross-sectional area of orifice, m?

t time, S

tp bubbling time, s

tq bubbling detachment time, s

tox time of the expansion stage, s

tol time of the elongation stage, s

t waiting time, s
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285

Greek symbols

B

H
Mg
Pe
pi
Pg
Por

Glg

Ok
o7

absolute temperature, °K
gas velocity, ¢

bubble rising velocity, &

T . m
average gas bulk velocity in the reservoir, ¢

average gas velocity entering the reservoir, 1

liquid velocity,

. . m
average gas velocity through orifice,

bubble volume, m>

volume of gas reservoir, m>

ratio of the orifice cross-section to reservoir cross-section

specific heat ratio

angle in Figure [l °

contact angle, °

electrical conductivity, %
liquid dynamic viscosity, Pa.s

gas dynamic viscosity, Pa.s

kg

gas density in the reservoir, 5

density of liquid, %
density of gas, %

density of gas through orifice, %

N

liquid-gas surface tension, -
. . 2

potential function, %~

potential function of expanding bubble,

potential function of translating bubble,
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