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Bubble formation at an orifice submerged in highly viscous liquid was studied. The volume and shape of the
bubble formed at an orifice and the pressure fluctuation in the gas chamber were measured experimentally. A
revised nonspherical bubble formation model is proposed to describe the bubble formation mechanism and to
estimate the bubble volume and shape and the pressure change in the gas chamber. The bubble volume, bubble
shape and gas chamber pressure calculated by the present model agreed relatively well with the values obtained

experimentally in a wide range of viscosity: p=0.001 to 1.1 Pas.

Introduction

It is essential in the design of gas-liquid contacting
equipment such as fermentors or gas-phase polym-
erization reactors to clarify the formation of bubbles
at an orifice submerged in highly viscous liquids. Many
works of gas blowing operations from a submerged
single orifice have been reported. To estimate the
volume of the bubble formed at an orifice, some
dimensionless correlation equations have been ob-
tained.” While these equations give only the: final
bubble volume under various operating conditions,
they do not describe the bubble volume and shape
during bubble growth. Therefore, a number of bubble
formation models have been proposed.”

Kupferberg and Jameson,” McCann and Prince,”
and Tsuge and Hibino® have presented spherical
bubble formation models to estimate the bubble
volume formed in low-viscosity liquids. All these
models require the final length of bubble neck obtained
experimentally as the detachment condition. In the
case of bubble formation in highly viscous liquids,
however, it is difficult to determine the bubble neck
length clearly owing to the deviation of bubbles from
spherical shape.

On the other hand, a nonspherical bubble formation
model does not require the detachment condition.
Marmur and Rubin® and Pinczewski® have reported
nonspherical models. Marmur ef al.?’ did not consider
the effect of liquid viscosity on bubble formation.
Pinczewski® estimated well the volumes and shapes
of bubbles formed in low-viscosity liquids by using a
modified Rayleigh equation, but the volumes of the

_bubbles formed in highly viscous liquid as calculated
by his model were much smaller than the experimental

* Received June 8, 1989. Correspondence concerning this article should be
addressed to H. Tsuge.
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values because of the neglect of the viscous resistance
of the rising bubble.

The objective of the present work is to propose a
revised nonspherical model that describes the
experimental results better than does the previous
model® for a wide range of liquid viscosity. The main
revised points are the inclusion of a viscosity term in
the motion equation for the rising bubble and a
modification in the definition of equivalent radii.

1. Bubble Formation Model

A bubble begins to grow at an orifice when the

pressure in the gas chamber is larger than the sum of
hydrostatic pressure and surface tension. The bubble
surface moves by the pressure difference between the
inside and the outside of the bubble. The bubble rises
during bubble growth, and the bubble neck is formed
in the final period of bubble growth. The bubble
detaches itself when the bubble neck is closed.
1) Equivalent radii The bubble surface is divided
into a number of two-dimensional axisymmetric
elements which are characterized by two principal radii
of curvature R and R’ as shown in Fig. 1. R’ is the
radius of the circle which has the center O and passes
through the elements j—1, j, and j+1, and the other
radius R is the distance from the bubble’s symmetrical
axis to the element j through the point O.

In the present model, the pressure balance on each
element is calculated by the same modified Rayleigh
equation asis used in Pinczewski’s model. Pinczewski®
used the equivalent radius R defined by Eq. (1) as the
characteristic radius.

1/R=(1/R+1/R")/2 1)

However, the forces other than surface tension depend
on the volume or mass of the bubble rather than the
curvature of the bubble surface, so that R is used for
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Fig. 1. Schematic diagram of nonspherical bubble forma-
tion model

surface tension and R is used for inertial and viscous
forces as the characteristic radius in the present
model.

2) Pressure change in the gas chamber When the
behavior of gas in the gas chamber is assumed to be
polytropic, the pressure change in the gas chamber
during the bubble formation is expressed as

ch/dt = KPC(Qg - Qo)/ Vc = KPc(Qg - dVb/dt)/ Vc (2)

where Q,, Q,, P, V, V. and k are gas flow rate into
gas chamber, gas flow rate through an orifice, pressure
in gas chamber, bubble volume, gas chamber volume
and polytropic coefficient respectively. A polytropic
coefficient x is defined between 1 for isothermal change
and 1.4 for adiabatic change of diatomic gases.

Kupferberg et al.V) and McCann et al.> assumed
that the gas behavior in the gas chamber changes
adiabatically, whereas Park et al.¥ showed exper-
imentally that polytropic coefficient « is nearly 1.1.
3) Orifice Equation The pressure in the bubble P,
is related to P, by the orifice equation as follows:

| Po— Py | =(Qo/k,)* = (dV,/dt)* [k &)

The orifice constant &, is decided experimentally.
4) Pressure balance on gas-liquid interface The
present model includes the following assumptions.

(a) The bubble is symmetrical about the vertical
axis of the orifice.

(b) The bubble motion is not affected by the
presence of the other bubbles.

On the element j, it is supposed that the bubble
shape is a sphere with radius R. The expansion of
the gas-liquid interface is written by the following
modified Rayleigh equation:

d*R 3 (dR\*| 20 4udR
Py—Py=p| RES 42 (0] |4 20 2Ry
BTN p’[ dr2 2<dt)] R Rat @
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1 N, cylinder 9 Lamp

2 Vent 10 Phototransistor

3 Gasflowmeter 11 Electronic counter

4 Hy manometer 12 Personal computer

5 Needle valve 13 Flood lamp

6 Gas chamber 14 16mm high speed camera
7 Orifice plate 15 Const. temp. regulator

8 Bubble column 16 Pressure transducer

17 Electromagnetic oscillograph

Fig. 2. Schematic diagram of experimental apparatus

where P, is the hydrostatic pressure at the element j
and the three terms on the right-hand side of Eq. (4)
represent inertial, surface tension and viscous force
respectively.

5) Motion equation of rising bubble The present
model, obtained by revising Pinczewski’s model,*
includes the liquid viscous resistance of the rising
bubble. The motion equation of a rising bubble is
described by inertial, buoyancy, and viscous drag
forces and gas momentum rate through an orifice as
follows:

d dz 1 dz \?
— M — = —p) Vg —— — | nD?
dt( dt) (P1—=P) Vg 3 Dpl( dt) oy,

4p,07
nD?

&)

where M’ is virtual mass (=(p,+ 11p,/16)V;) and Cp
is the drag coefficient, which is a function of the
Reynolds number. D,, is the maximum horizontal
diameter of the bubble and is used as the charactristic
diameter of a rising bubble.

The bubble surface expands and the bubble rises
according to Eq. (4) and Eq. (5) respectively. When
any element other than the apex of the bubble touches
the vertical axis, the bubble detaches from the orifice.
To solve the present model numerically, the finite-
difference procedure is used as shown in Appendix.

2. Experimental Procedure and Conditions

Figure 2 shows the experimental apparatus. The
bubble column has a 0.15m square cross section and
is 0.4 m in height. Assuming that the size of the bubble
is uniform, a single bubble volume was calculated by
dividing gas flow rate by the frequency of bubble
formation measured by a phototransistor. The bubble
shapes during bubble formation were photographed
by a 16 mm high-speed camera (Locam Model 51: Red
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Table 1. Physical properties of liquids

Liquid o x107%  pu ¢ Mo T
[kg/m®]  [mPas] [mN/m] —l (K]
Distilled water 0997  0.874  71.8 1.55x10° ' 299.0
90 wt% glycerol  1.235 118 594 7.34x1073 303.0
92 wt% glycerol  1.238 154 61.1 195x10°2 296.3
Glycerol 1.257 812 61.3 1.51x10! 298.0
Glycerol 1.260 1110 622 5.15x 10! 2935

Lake Co.), and the bubble volumes were analyzed as
a function of time with a film analyzer (Filmotion:
Bell & Howell Co.). The pressure in the gas chamber
was measured with a pressure transducer (Model 239:
Setra Systems Inc.) and was recorded with a
electromagnetic oscillograph (Model 2931 Photo-
corder: Yokogawa Electric Works).

The operating conditions were as follows: gas flow
rate Q,=0.1-10x 10-%m?/s, orifice diameter D,=
0.8-2.0mm, gas chamber volume ¥V ,=34-300x
107 %m? and liquid height H,=0.20 m.

The orifice coefficient k, was obtained experimen-
tally as

k,=0.813D2 (6)

where the units of k, and D, are m”/?/kg'/* and m,
respectively.

The polytropic coeflicient x obtained experimentally
in this study was 1.1, which agrees with the experi-
mental result by Park et al.¥

Liquids used were distilled water, glycerol aqueous
solutions and glycerol. Their physical properties are
shown in Table 1.

3. Results and Discussion

3.1. Bubble growth curve and bubble shape change
Figures 3(a) and (b) show photographs of bubble
formation in 92 wt% glycerol aqueous solution in the
case of ¥, =43 x 10"®and 301 x 10~ ®m?, respectively.
It was observed that the bubble shape deviates from
spherical with bubble growth. Figure 4 shows a com-
parison of the bubble shape traced from photographs
with that calculated by the present model during
bubble formation in glycerol. The present model
estimates well the experimental bubble shapes.
Figure 5 shows bubble growth and gas chamber
pressure change curves in distilled water as a pa-
rameter of gas chamber volume for the conditions
of D,=1.47mmand Q,=0.21 x 10~ ®m?/s. In the case
of small ¥, bubble volume decreases after it reaches
maximum value. Figures 6 and 7 shows bubble growth
and gas chamber pressure change curves in 92 wt%
glycerol aqueous solution and glycerol, respectively,
as a parameter of gas chamber volume V, for the
conditions of D,=1.47mm and Q,=1.1 x 10~ °m?/s.
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Fig. 3(a). Bubble formation photographed at 200 frames/s
by high-speed camera (V,=42.5x10"°m?, D,=1.47mm,
N, 92 wt% glycerol aqueous solution system)

Fig. 3(b). Bubble formation photographed at 200 frames/s
by high-speed camera (V,=2300.5x 107 °m3, D,=1.47mm,
N,-92wt% glycerol aqueous solution system)

As shown in Figs. 5-7, bubbles expand rapidly with
rapid decrease of gas chamber pressure at first. In the
case of the relatively low-viscosity liquids shown in
Figs. 5-6, bubbles detach after sudden decrease in
pressure. On the other hand, in the case of the highly
viscous liquid shown in Fig. 7, bubbles grow con-
tinuously with sudden and then gradual decreases of
gas chamber pressure, and at last detach. Therefore,
with the same operating condition and equipment, the
bubble formation time in highly viscous liquids is
much longer than that in low-viscosity liquids. The
computed results shown by the lines in Figs. 5-7 are
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Figure 10 shows the relation between ¥}, and Q,
with liquid viscosity u as a parameter. V, increases
with increase of p.

The computed results shown by the lines in Figs.
8-10 agree well with the experimental results for each
parameter in Figs. 8-10.

3.3 Comparison with other researchers’ results

To compare the present model with Pinczewski’s
model, the bubble shape by Pinczewski’s model was
calculated and is very different from the experimental
one, as shown in Fig. 4. This is because the motion
equation of the rising bubble in his model does not
contain the viscous drag force term, so that the
estimated rising velocity is much larger than the
experimental one. As shown in Fig. 11, the bubble
estimated by his model detaches from the orifice earlier
than in the experimental results, so that the bubble
volume is smaller than the experimental value and
that calculated by the present model.

Figure 12 shows a comparison between the
experimental results of bubble growth curve and
pressure change in the gas chamber by Kupferberg er
al.," and the computed results by the present model.
It shows good agreement even though the experi-
mental conditions of Kupferberg et al. are con-
siderably different from those of the present work,
especially V, and D,.

Conclusions

The effects of gas flow rate, gas chamber volume,
orifice diameter and liquid viscosity on the volumes
of bubbles at an orifice submerged in highly viscous
liquids were investigated experimentally. The bubble
volumes increase with increase of V,, D, and u.

By measuring simultaneously the changes in the
bubble volume, the bubble shape and the pressure in
the gas chamber during bubble growth, the bubble
formation mechanism was investigated. It was found
that the bubble formation time is much longer in
highly viscous liquids than in low-viscosity liquids, so
that the bubble volume is much larger.

To express physically the bubble formation at an
orifice, a nonspherical bubble formation model
obtained by revising Pinczewski’s model was pre-
sented. The model estimated well the volume and
shape of the bubble and the gas chamber pressure
change during bubble growth in a wide range of liquid
viscosity, from 0.001 to 1.1 Pas.

Appendix

To solve the nonspherical bubble formation model numerically,
the following finite-difference procedure is used.
1) Initial conditions The initial bubble shape observed in this
work was hemispherical, so that the bubble is assumed to be initially
a hemisphere with radius equal to the orifice radius R,. The velocities
and accelerations of all elements are set to zero. The initial pressure
in the gas chamber is set equal to the sum of hydrostatic pressure
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Fig. 12. Comparison of experimental data of Kupferberg
et al. with results calculated by the present model

at the orifice and the surface tension as follows:

Pc[0=P0+p,ng+4a/D,, (A-1)

where P, and H, are atmospheric pressure and liquid height,
respectively, and the symbol |, expresses the value at time ¢.
2) Boundary conditions .

(a) The element of the bubble apex j=1 moves on the
symmetrical axis of the bubble.

(b) The element contacting the orifice edge j= N does not move,
so that the velocity and acceleration of the element are usually
zZero.

(c) The bubble surface does not cross the orifice plate.

3) Finite-difference procedure

(a) The change in pressure in the gas chamber P, in the time

step At is described by

Pc|t+dt=Pc|I_KPc'r[Vb|t+At_ Vb|t"'QgAt]Vc (A-2)

(b) The pressure in the bubble is obtained as
Pb|t+Al=Pc|t+A!_(dVb/dtlt+A1)2/k3 (A-3)

() Theequivalentradii Rand R’ are calculated geometrically.
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(d) The radial acceleration of each element in the time step A¢
is described by

d2RIA |14 5=1Py |14 5~ Pr—3p(dR/d1|)*/2
—20/R|,—4pdR/dt| /R|]/pR|, (A-4)
The radial velocity of each element is calculated from
dR[dt|, 1 4=dR/dt|,+d*R]di* |, 4 At (A-5)
The radial displacement of each element in time step A4¢ is
AR|,y o =IdR/dt |+ d*Rjdl* |, 4A1[2)A1 (A-6)

(e) The vertical acceleration of the rising bubble is calculated
as follows:

dzz/dtz |t+A! =[(p,— pg) Vg —Cppdz/dt ‘t)anm Itz/8

+4p,02/nD2/M'|,—3dR/dt | dz/dt |i/R], (A-7)

The vertical velocity and displacement in A¢ are described by
dz/dt|,+A,=dz/dt|,+dlz/dt2|,+A,At (A-8)
Az, gy =ldz/dt |, +d?z]ds* |+ 0A1/2141 (A-9)

(f) The bubble volume V,,[,+ 4 is obtained by integrating the
coordinates of all elements.

(g) The procedure is repeated for the next time step. Elements
should be added with the increase of bubble surface area to express
the bubble shape smoothly during bubble growth.

(h) The time step 4z should be chosen to minimize the

~ calculating error. In the present computation, the time step used
was between 1 and 50 us.

Nomenclature
Cp = drag coefficient -1
D, - = maximum horizontal diameter of

bubble [m]
D, = orifice diameter [m]
g = gravitational acceleration [m/s?]
H, = height of liquid [m]
k, = orifice constant [m7/2/kg!?]
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M’ = virtual mass (=(11p,/16+p)V3) [ke]
Mo = Morton number (=gu*/p,c%) ]
Py = pressure in bubble [Pa]
P, = hydrostatic pressure at element j [Pa]
P, = hydrostatic pressure at orifice plate [Pa]
P, = atmospheric pressure [Pa]
Q, = flow rate of gas into gas chamber [m3/s]
(o = flow rate of gas through an orifice [m3/s]
Rand R” = principal radii of curvature [m]
R = mean bubble diameter defined by Eq. (1) [m]
Re = Reynolds number (= p,D,(dz/dt)/1) [l
T = temperature of liquid K]
t = bubbling time [s]
At = time step [s]
Vv, = bubble volume [m3}
Vv, = gas chamber volume [m3]
z = vertical distance from orifice plate [m]
K = polytropic coefficient [—l
u = liquid viscosity [Pas]
0 = liquid density [kg/m?3]
Py = gas density [kg/m3]
o = surface tension [N/m]
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