TABLE Al. VALUES OF h(A) AND g(A) FOR 3 = 0.6, « = 0.11

R A h(2) g\)
1 119 3.46 1.18
2 1.56 3.75 114
5 2.08 4.16 1.10

10 2.4 4.44 107

20 2.70 4.65 1.05

© 3.08 491 1.03

Multiplying Eqs. A2, A8 and A4 and retaining only first-order
terms, one finds for 8 = 0.6 that

A
FUUm/lp)33 (l + A_z) ~hi(A)(1 + eg(N) (A5)
1

where g(A) = 1.35 (1 + 0.16M\)/(1 + 0.31A), k() = 0.79 + 0.245\
and A = (@ + B/R)"1/2, Table Al. Since Eq. A5 represents the
first-order expansion of the power law k(M) /15)6™), as I, /1,
— 1 and (12/82)1/3 = 3.22, Eq. Al reduces to the simple form

[AB] u,v [Blo

A R, RN/ 1 )™ (A6)

where h(\) = 2.53 (1 + 0.31\).
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Bubble Formation at Vibrated Orifices:
Medium-Chamber-Volume Region

The bubble formation process at small, single, circular orifices at low gas flow

C. T. BAKER and

rates is modified when the system is vertically vibrated in a sinusoidal fashion,

For systems with significant gas chamber volume, bubble volume in the vibrated

NOEL de NEVERS

case is smaller than in the nonvibrated case. The vibrations increase the amount

of liquid weeping through the orifice into the gas chamber. A simple inviscid model
adequately predicts bubble formation in the medium-chamber-volume region at
low values of amplitude and frequency of vibration and low viscosities. The

Department of Chemical Engineering
University of Utah
Salt Lake City, UT 84112

boundaries of the transition from the FR >> 1 to the FR = 1 regions are described

in terms of “the acceleration number/E6tvis number.”

SCOPE

Bubbles play a significant role in many important industrial
processes, including distillation, gas-liquid chemical reactors,

C. T. Baker is presently with Conaco, Ponca City, OK 74608.
Correspondence concerning this paper should be directed to N. de Nevers.
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absorption, and flotation. In many of these processes, bubbles
are formed by forcing gas through an orifice into a liquid; the
principal reason for doing this is to increase the interfacial area
between gas and liquid.

The formation of bubbles at single, submerged orifices has
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been extensively studied, To the knowledge of the authors, none
of these previous studies has included the effects of vertical
system oscillations on bubble formation.

When vertical oscillations are present in the bubble-forming
system, the experimental bubble sizes are quite different from
those observed in nonvibrating systems. Chemical plants and
oil refineries are noisy operations. Vibrations are introduced
from various sources into these facilities. Because vibrations
play a significant role in bubble-forming phenomena, the results

of this investigation bear directly on the analysis of these op-
erations and help to indicate the range of applicability of pre-
vious analyses which have tacitly assumed the absence of such
vibrations.

Previous mass transfer studies (Ruckenstein and Muntean,
1970; Lemcoff and Jameson, 1975) have shown that vertical si-
nusoidal oscillations increase the rate of mass transfer between
bubbles and liquid. These studies do not include the effects of
vibrations during bubble formation.

CONCLUSIONS AND SIGNIFICANCE

The effect of vertical vibrations on the volume of bubbles
formed at a single, circular, horizontal orifice in an inviscid
liquid can be accurately predicted with a simple mathematical
model for low values of the acceleration number (2w?/g). The
vibrations generally reduce the bubble volumes, compared to
the nonvibrated case.

At high values of the acceleration number, the bubble for-
mation frequency becomes the same as the vibration frequency.
Bubble volumes under these conditions are small, but the liquid
weeping rate through the orifice between bubble formation
cycles can exceed the inflowing gas supply rate by an order of
magnitude.

Between these high and low values of the acceleration num-
ber, there exists a transition zone of irregular behavior whose
boundaries are values of 1 and 2.6 of the dimensionless group
(acceleration number/E6tvos number).

THEORY

Figure 1 shows an open liquid chamber, positioned above a
closed gas chamber; a circular hole in the plate separating the two
chambers allows gas flow for bubble formation. A gas is added to
the lower chamber at a constant rate. The entire system is mounted
on a table which moves vertically up and down at some preset
amplitude and frequency.

Park et al. (1977) showed that for the system shown in Figure
1, without vibrations, the bubble-forming behavior takes on three
different forms, depending on the size of the gas chamber or ple-
num below the orifice. This entire paper concerns the “medium
chamber region,” as they defined this term.

As discussed by Park et al. (1977), bubble formation takes place

\\ \ W\ \\;Arl?—uoum

? \\\\\ \\ QM.’ORIFICE

| ——

X

GAS SUPPLY

GAS CHAMBER

Figure 1. Schematic of bubble formation at an orifice with significant chamber
volume.
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Some data were obtained for viscous liquids, showing that
weeping did not occur and that average rather than instanta-
neous interface stability governs bubble release.

The significance of this work is that a simple mathematical
model can predict bubble formation behavior in the region of
greatest industrial interest. The boundaries of that region are
calculable. The behavior at regions of high acceleration number
and higher viscosity is partly elucidated by the results shown
here.

This paper discusses the effect of vertical, sinusoidal vibra-
tions on the bubble formation process for low gas flow rates and
the medium range of gas chamber (plenum) volumes. This is an
extension of the nonvibrated research described in detail by
Park et al. (1977). There appears to be no previous work on the
vibrated extension of this chamber volume region.

in two stages, chamber pressurization and chamber depressuriza-
tion. The pressure in the lower chamber oscillates, rising and falling
once per bubble, but has no long-term trend. For nonvibrated cases
the pressurization step takes much longer than the depressurization
step; typically the pressurization takes 99% of one formation
cycle.

The subscripts 1, 2 and 3 in the following equations refer to the
gas chamber, the interior of the bubble, and the liquid directly
above the gas-liquid interface, respectively (Figure 1).

The insertion of a chamber between the constant-flow-rate gas
supply and the forming bubble allows the flow rate into the bubble
to vary drastically with time, even with a constant flow rate from
the gas supply system. The gas flow rate into the chamber remains
essentially constant, but the flow rate out of the chamber is cyclical.
The bubble emerges and releases above the orifice during a rela-
tively small fraction of the cycle. The rest of the cycle consists of
pressurization of the chamber to a value at which the bubble in-
terface moves beyond the stable hemispherical stage.

The depressurization phase is that portion of the cycle during
which the bubble expands into the liquid. In the vibrated case, the
depressurization phase includes all events between the time when
the bubble begins to expand and the time the bubble releases. The
chamber pressure may rise during this phase due to gas flow back
into the chamber. The rest of the formation cycle consists of re-
building the chamber pressure to the value at which depressuri-
zation begins again.

During the pressurization phase, there is negligible gas flow out
of the orifice or chamber, the pressure is increased by the gas
flowing into the chamber from the supply system,

Pt —t
Py =P, + —2edt T 0 q“(/ o (1)
c

The pressure at a depth A in a liquid undergoing vertical rigid-
body oscillations (neglecting compressibility, standing waves,
sloshing, etc.) is given by

P3 = pih{g — aw? coswt) + P, (2)
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The gas-liquid interface in the orifice can accommodate small
differences in pressure across it by changing its radius of curva-
ture,

Py—P; R, 3)
but this accommodation is limited by the minimum value of R;,
namely R,. When the pressur¢ difference exceeds 2a/R,, the in-
terface becomes unstable, the pressurization phase ends, and rapid
bubble growth begins.

For small gas flow rates into the chamber (small rate of change
of R;) this transition should always occur at the top of an oscillatory
cycle, when P assumes its smallest value.

All other things being equal, an increase in acceleration number
should result in a decrease in the maximum value of P,, because
the pressurization phase ends whenever

2
Pz R—U + gpth(l —aw?/g) + P,. (4)
0

The above discussion ignores viscous resistance to the expanding
interface. In a previous paper on the zero-chamber-volume region
(Barker and de Nevers, 1982), it was shown that, when viscous
forces become significant compared to inertial forces, instantaneous
instability is not enough to trigger bubble release. The transition
will occur only when the interface is unstable for a significant
fraction of the vibratory cycle. For viscous liquids, the maximum
chamber pressure will be independent of acceleration ratio.

During the depressurization phase, the flow rate out of the
chamber through the orifice is much greater than the flow rate into
the chamber from the supply system. For practically constant
temperature, constant gas density and ideal gases, a mass balance
on the chamber yields

b, _P

o deg (g — TR3V?) (5)
The rate of change of bubble volume is given by
dv
—d-t!l = TI’R(Z)‘VZ (6)

The pressure within the bubble (Py), is calculated from

Py =P, + pih{g — aw? coswt) + %g- (7
13

which assumes that the pressure in the bubble is in equilibrium with
the instantaneous liquid pressure at the depth of the orifice. This
is equivalent to assuming that the pressure differences due to in-
ertial and viscous effects at the surface of the growing bubble are
negligible compared to the incrtial pressure drop through the or-
ifice. A single, spherical radius of curvature is assumed to be an
adequate substitute for the two perpendicular radii of curvature
whose average should appear in Eq. 7.

The velocity of gas flow through the orifice is calculated by
Bernoulli's equation using the P, from Eq. 5 and P; from Eq. 7,
and an orifice coefficient of 0.65 (Tuve and Sprenkle, 1933). This
coefficient is the only experimental value used in the model; there
are no adjustable parameters.

This simple model is a direct extension of the model described
by Park et al. (1977) for the nonvibrated case and has the satis-
factory property that it matches their results as the vibrations be-
come negligible.

Equations 5, 6 and 7, and Bernoulli’s equation form a set of or-
dinary differential equation (ODE'’s) which can be solved for a
suitable initial condition. Equation 4 provides a suitable initial
pressure, together with an initial volume equal to a hemisphere of
radius R,, and an initial time corresponding to the top of the vi-
bratory cycle. This ODE problem was solved for a large variety
of conditions, using the methods of C. W. Gear, as implemented
in the IMSL Library at The University of Utah Computer Center.
The program is listed in Barker (1981).

The integration was terminated and bubble relcase reported
when the following two conditions were simultaneously satisfied:
Py — P, < ¢, where ¢ is a small value, and F;, > 20/R,. These in-
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Figure 2. Bubble volume ratio tor the medium chamber region with inviscid
liquids and FR >> 1.

dicate that release occurs when the flow rate into the bubble has
become negligible and simultaneously the buoyant force (which
is itself oscillatory at a fixed bubble volume due to external pressure
oscillations) is greater than the surface force holding the bubble
to the orifice.

The calculated bubble volumes are functions of system geom-
etry, fluid properties, and vibration parameters. They do not ap-
pear to be reducible to any simple analytic equation. The most
compact representation found for them is the solid line on Figure
2. (The triangles represent experimental data discussed later.) The
plot shows the ratio of predicted bubble volume under vibrated
conditions to predicted bubble volume for identical system ge-
ometry, fluid properties, and gas flow rate without vibrations, as
a function of a dimensionless group, N. This latter group may be
factored into three dimensionless parts,

N = \/; Pang;'s _ & 4 X Rg/zpavg

Veawdhp/pg  aw?” gpiRoh ™ VapVew
The first part is the reciprocal of the acceleration number, the ratio
of the peak vibrational acceleration to the gravitational accelera-
tion. The second part is an E6tvés number, the ratio of surface to
gravitational forces in the liquid. Here the L2 in the Eitvos iumber
is taken in two perpendicular directions, h and R,. The third part
has no common name nor such a simple interpretation. It is arrived
at by reasoning that

t
V= wR2 [ Vadt = 7RIV it A (©)

The time of bubble formation is about half a vibrational cycle,
so At is replaced with 7/w. The initial velocity through the orifice

is given by
{2AP 20
Vinitial = Co —=C, (10)
Pg Ropg
and
2p?
v,=c, TR, [ 20 (an
Ropg

Taking the ratio of this bubble size to that formed in the medium
chamber region without vibrations (Park et al., 1977),

20V,
V nonvibrated = m (12)
leads to
\4 RJ/?P,,
——% -~ some constant —2— L& (13)
V nonvibrated 0pg Vew

This logic shows whence the rightmost dimensionless group in Eq.
8 comes and suggests that it alone would be a suitable correlating
parameter. But comparison of a large number of computed bubble
volumes with varying input parameters showed that the product
of three dimensionless groups making up N in Eq. 8 is a far superior
correlating parameter. The solid line shown on Figure 2 represents
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Figure 3. Schematic of equipment used for tests with significant chamber
volume below the orifice plate.

all the computed bubble volumes ratios in this region with an av-
erage error of 1.2%.
This model is only appropriate for the region in which

No. of vibrational cycles
No. of bubbles formed

is significantly greater than one and for low-viscosity fluids.

For the other regions of observed behavior, the theory is more
explanation of observations than model building; it is presented
with the experimental results.

Other workers in the formation of bubbles (Kumar and Kuloor,
1970; McCann and Prince, 1969; Marmur and Rubin, 1976; La-
Nauze and Harris, 1974) have presented no theory directly ap-
plicable to this type of problem. The computer algorithms for
predicting the bubble shape during the growth process of Pinc-
zewski (1981) and Marmur and Rubin (1976) should be extendable
to the vibrated case; that is being attempted in the continuation of
this work.

Frequency Ratio (FR) = (14)

APPARATUS AND PROCEDURE

Figure 3 represents the arrangement of equipment for these tests.
The pressure regulator, drier, saturater, and surge drum were used
to feed a constant supply of gas, saturated with vapor from the
liquid into which the bubbles have formed, at 34.5 kPa, to the
upstream side of the needle valve. The flowmeter was used to es-
tablish an approximate gas flow rate with the needle valve. The
by-pass valve was used to help in resetting the liquid level in the
gas chamber between runs when weeping occurred. The bubble
column was identical to that described by Park et al. (1977) with
the exception of the position transducer and a baffle plate on top
of the upper chamber.

The bubble chamber was mounted on a vibratory table (All
American Machine Co., Model 100VA) which caused the entire
apparatus to move up and down in a sinusoidal motion, with ex-
ternally controlled frequency and amplitude.

A steady-state gas flow was established without vibrations, and
measured with a soap-film flowmeter. Then the vibrator was
started, and its frequency, amplitude and phase were determined
with a linear-voltage differential-transformer-type transducer and
indicator (Boulton Paul Aircraft Ltd., Type EP 597). The bubble
frequency and gas chamber pressure were measured by inter-
pretation of the output from a differential pressure transducer
(Pace Engineering, Model P7D) and indicator (Pace Engineering,
Model CD25) connected to the gas chamber. The pressure changes
in the gas chamber are related to the bubble formation sequence
as discussed in the nonvibrated case by Park et al. (1977).

The electrical signals from the two transducers were digitally
recorded for analysis with a Tektronix 4051 computer and a
TransEra Model 652-ADC Analog-to-Digital converter.

Visual observations of the formation process were made with
the strobe light. A photoelectric pickoff (General Radio, Type
1536-A) and flash delay (General Radio, Type 1531-P2) made it
possible to view in repeated fashion all events at any position of the
vibratory cycle by darkening the room and directing the flash at
the orifice. The visual observations during runs helped interpret
the recorded signals from the transducers in terms of the formation
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TABLE 1. RANGE OF PARAMETERS FOR EXPERIMENTAL TESTS

Parameter Minimum Maximum
D,, mm 1.21 3.875

o1, kg/m? 0.773 X 108 1.25 X 103
i, Pass 0.878 X 1072 0.4802

o, N/m 0.0228 0.0688

a, mm 0 1.59

f,.Hz 6 40

h, mm 25.4 50.8

g, mm3/s 40 70

aw?/g 0 =7

process. Table 1 presents the parameter ranges tested in this re-
gion.

RESULTS AND DISCUSSION

Within the medium chamber volume region for inviscid fluids,
bubble volume data as a function of vibrational frequency (holding
all other parameters constant) typically yield plots such as that
shown in Figure 4. The bubbles formed at low acceleration num-
bers are uniform in size; the volume decreases with increasing
acceleration number. The pressurization phase takes many vi-
brational cycles (FR >> 1). Bubbles formed in the transition region
are not uniform in size; their sizes do not appear to follow any re-
peating sequence. At high acceleration numbers, the bubbles
formed are of uniform size with one bubble formed on each vi-
brational cycle.

This discussion of results for the medium chamber region is di-
vided into four parts.

FR >> 1, Inviscid Liquids

For all experimental data which belong to this category, the
mathematical model described above predicted bubble volume
ratio as a function of all parameters within an average of 6.5% of
the experimental value (maximum error of 25.5%).

Figure 2 shows this agreement between the experimental data
points (shown as triangles) and the model.

Maximum chamber pressure in this region is in fair agreement
with the theory. Figure 5 presents the experimental data for
maximum chamber pressure as a function of the acceleration
number. The solid line is Eq. 4. The average error, computed as
(observed-calculated/observed), is 5.3%; the maximum error is
15.4%.

For most experimental conditions in this region, weeping did
not occur. Figure 6 shows experimental weeping rates for some of
the conditions in which it did. It appears from the figure that the
weeping rate increases with acceleration number except in the case
of the 60% glycerol-in-water solution. The opposite behavior is due
to the viscosity of the liquid which is an order of magnitude larger
than that of the other liquids shown on this figure.

T T T L ] T T T T
1.op- _
o o _
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2 o .
= T TRANSITION 1
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@ ( o D a o
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ACCELERATION NUMBER {aw?/g )

Figure 4. Typical plot of bubble valume ratio as a function of acceleration
number for inviscid liquids.
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Figure 5. Experimental maximum chamber pressure as a function of accel-
eration number in the medium chamber region for the inviscid fluids and FR
> 1,

Apparently this viscosity dependence of weeping for high-vis-
cosity fluids is the same phenomenon previously observed in bubble
formation; when the viscosity is high, the interface between gas
and liquid must be unstable over a large part (or all) of the vibratory
cycle for flow to occur. With low-viscosity liquids it need only be
unstable over some small part of the cycle for the flow to occur.

From the inviscid data one may generalize that weeping in this
region increases with increases in orifice diameter, acceleration
ratio, chamber volume, and liquid head, and with a decrease in
surface tension.

The gas chamber pressure history typical of this region (in a case
with liquid weeping) is shown in Figures 7 and 8. Figure 7 shows
most of two complete cycles; Figure 8 has an expanded time scale,
showing only part of the bubble release shown in Figure 7. In both
of these figures, the sine curve at the top shows the table position,
indicating where in the vibratory cycle the events occur. Figure
7 shows the maximum expected pressure, from Eq. 4, as well as the
average liquid pressure over the cycle. Figure 8 shows the predicted
liquid head at the bottom of the vibratory cycle, given by

Pg... = pih(l + aw?), (15)

as well as the miagnitude of the maximum pressure difference due
to surface tension (26/R, ) and the value of 69 Pa.

Pressurization of the gas chamber takes place prior to point A.
Depressurization begins at the top of the vibratory cycle where the
instantaneous liquid pressure is lowest. Depressurization and the
corresponding bubble expansion takes place between points A and

The data shown on Figure 8 were logged at a rate of 128 val-
~ues/second. It is possible that the true minimum chamber pressure
occurred between digitized points and that the true minimum
occurs just prior to point B. Between points B and C, several events
occur. The bubble neck becomes smaller and the bubble accelerates

~ w > 5
E
-
-

WEEPING RATE , cm3/ min

0 Y 0.2 03
ACCELERATION NUMBER {aw?q)

Figure 6. Weeping rate a a function of acceleration number for inviscid liquids
and FR >> 1. Here A60% glycerol in water, D, = 1.20 mm, h = 25.4 mm,
a=0.24mm, V. =90 X 10~ %m?; Ywater, D, = 1.20 mm, h = 25.4 mm, a
= 0.47 mm, V. = 96; Ocyclohexane, D, = 1.20 mm, h = 25.4 mm, a = 0.51
mm, V., = 95; Ocyclohexane, D, = 1.20 mm, h = 25.4 mm, a = 0.27 mm,
V. = 49; Ocyclohexane, D, = 1.20 mm, h = 50.8 mm, a = 0.27mm, V. =
97
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Figure 7. Chamber pressure history for bubble formation in the medium
chamber region, inviscid liquids, FR >> 1. The curve at the top of the figure
show the tabie position, as an indication of where in the cycle events occur.

upwards, which results in bubble release. At the same time a small
amount of gas which is left behind in the neck flows back into the
chamber, causing a sharp pressure rise. As the liquid begins to
follow this gas downward through the orifice, the rate of pressure
rise drops suddenly, at point C.

This change in pressure rise rate is due to a change in fluid flow
rate. For comparable pressure-difference driving force, Bernoulli’s
equation for an orifice shows that the velocity is proportional to
(p~05). The liquid density is roughty a thousand times that of the
gas; hence we would expect a roughly 30-fold decrease in the rate
of pressure rise, as observed.

Liquid weeping continues to point D where the pressure in the
gas chamber is high enough to stop the liquid flow. It corresponds
closely in time to the bottom of the vibratory cycle. The calculated
liquid pressure at point D (Eq. 15) is 543.4 Pa. The maximum
pressure rise due to a hemispherical drop below the orifice plate
(Eq. 8) is —112.8 Pa. Thus the pressure in the chamber is high
enough at the bottom of the cycle to stop liquid flow through the
orifice, if a coherent gas-liquid interface has been established. Even
at point C the combination of chamber pressure and surface tension
force would be adequate to stop the liquid flow if such an interface
had been established, and the liquid possessed no downward mo-
mentum. In nonweeping cases (which are the majority), that occurs;
in this case, it does not.

The pressure-time trace for nonweeping cases (the most common
in this region) is similar to and simpler than the trace shown in
Figures 7 and 8. On a nonweeping pressure trace, the wiggly ramp
function of rising pressuré corresponding to the pressurization
phase extrapolated downward directly to the nearly-vertical
depressurization phase. There is a minor disturbance at their in-
tersection, but not the downward spike observed in weeping cases,
like Figures 7 and 8.

FR = 1, Inviscld Liquids

This region of bubble formation is characterized by the forma-
tion and release of one bubble during each vibrational cycle. Liquid
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Figure 8. Expanded view of Figure 7.
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Figure 9. Typical chamber pressure history in the medium chamber region,
inviscid liquids, FR = 1.

weeping in this region is common to nearly all experimental tests.
A typical chamber pressure history for four bubble cycles is shown
in Figure 9. The time scale on Figure 9 is greatly expanded com-
pared to Figures 7 and 8. One bubble forms every 0.056 s in Figure
9 compared to one every second in the previous figures. The ac-
celeration number is 0.59 in Figure 9, compared to 0.09 in Figures
7 and 8.

The calculated maximum chamber pressure for a hemispherical
interface at the top of the vibratory eycle (Eq. 4) in this case is 317.4
Pa. The experimental maximum pressure (550 Pa) is much higher
than Eq. 4 predicts. Clearly, at this high acceleration number with
resulting high liquid weeping velocities, the quasistatic assumptions
leading to Eq. 4 are inappropriate. The relation between observed
maximum ‘chamber pressure and acceleration number is shown
on Figure 10, in which

% Excess
Max. Pres.

Each bubble formation cycle, Figure 9, has several parts that can
be related to physical events at the orifice. Point A was the begin-
ning of depressurization which began slightly before the top of the
vibratory cycle. The bubble interface began to expand upward into
the liquid. Point B was the end of depressurization and the start
of gas back-flow into the orifice. Between A and B the bubble ex-
panded in a spherical shape. From B to C, the bubble shrank due

- Pmax,exp - Pmax,Eq.4 X 100. (16)
P max,Eq.4
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Figure 10. Percent excess maximum chamber pressure as a function of ac-
celeration number, medium chamber region, inviscid liquids, FR = 1.

Page 42 January, 1984

T T T T T T T T T T T T Y

450 |-

350 |-

250 |-

CHAMBER PRESSURE , Pg

PYRIY DU TSP S S SORY W S T

0 5 10 15 20 25
TIME , secC
Figure 11. Typical chamber pressure history In the transition region, medium
chamber, inviscid liquid.

150 Lo

to gas back-flow into the gas chamber and necked off at C. The gas
was forced back into the chamber between B and C even though

* an equilibrium force balance predicted bubble release during most

of the time between A and C.

The model which serves well in the region of low acceleration
numbers and much slower bubble formation is inapplicable here,
because the viscous and inertial resistances to bubble motion, which
were assumed negligible compared to the inertial resistance of gas
flow through the orifice, are no longer negligible when the time
scale for bubble formation and release is reduced (by a factor of
20 between Figures 8 and 9).

The shape of the bubble above the orifice plate between B and
C was markedly different than that between A and B. The height
of the bubble remained nearly constant while the sides of the
bubble moved inward, forming a quasicylindrical column. The
column necked off leaving a small bubble to rise to the surface. The
pressure corresponding to C is nearly as high as at the beginning
of depressurization. This is apparently due to the higher external
liquid pressure at this point in the vibratory cycle (almost at the
bottom). The drop in pressure from C to D, at a time when the
external liquid pressure was still rising, was apparently caused by
a change in the surface tension force, due to the rearrangement of
the thin, practically cylindrical bubble into a close-to-spherical
shape just before weeping began.

Weeping began at some point between C and D, and continued
to E, at which point the interface reestablished itself. The pressure
variations between E and the next A, which are fairly reproducible
from cycle to cycle, have a higher frequency than the driving vi-
bratory cycle. They presumably result from oscillatory movements
of the gas-liquid interface. During this entire period, the interface
is unstable with respect to upward motion; it apparently begins to
move upward again at the next A when the external pressure has
fallen far enough for the interface oscillations to grow into the
fluid.

In this region, where the bubble frequency has “locked on” to
the vibrational frequency, the weeping rate is the true determinant
of bubble volume:. The bubble volume is given by

Vb = % —+ q-ﬁ s (17)
In most cases, the righthand term has a value several times that of
the left term.

Transition, Inviscid Liquids

This region of bubble formation, intermediate between the FR
>> 1 and the FR = 1 regions, was observed in every set of experi-
mental runs. It is characterized by nonconstant consecutive bubble
volume, with a wide range of volume values and no apparent
pattern.

Figure 11 shows a typical chamber pressure history over about
35 bubble formation cycles. Here the trace of table position is not
shown at the top of the figure because it would be a blur. At the
leftmost part of the figure there were roughly seven vibratory
cycles per bubble-formation cycle. Each of the major pressure
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cycles shown here is a bubble formation cycle. Because the gas flow
rate was constant, the size of a bubble was roughly proportional
to the time between pressure peaks, except as complicated by
weeping. At the left of the figure the first eight bubbles alternated
regularly between nonweeping (as shown by pressure not falling
below 350 Pa) and weeping bubbles in which the pressure fell much
below this value, and was then returned by the inflow of liquid.
To the right on the figure most bubbles had significant weeping,
and a pattern of one very small bubble followed by one large
bubble is apparent. For all the bubbles shown on this figure all of
the external experimental conditions were held constant.

No model which assumes that each bubble is like its predecessor
(or that the peculiarities of one bubble do not induce a different
set of peculiarities in the next) can hope to explain the data in this
region. However, it is possible to correlate the boundaries of this
region. In the region of FR > 1 (to the left of Figure 4) the pressure
difference due to surface tension (Eq, 3) is greater than the pressure
swing due to vibration (pihaw?). One would expect the transition
to begin when these become roughly equal, and the lock-on of
bubble formation frequency to vibration frequency (FR = 1 at the
right of Figure 4) to occur when the pressure swing due to vibra-
tions was significantly larger than the pressure difference due to
surface tension. One may think of this transition as the region be-
tween a surface-tension-controlled situation to an inertially con-
trolled one. The transition region is one in which both effects are
significant. To test this hypothesis, the ratio of pressure swing due
to vibration to maximum surface tension pressure

C, = 2p1haw? _ pthaw?R, (18)

20/R, o

was computed for all the experimental data. C) is the acceleration
number, divided by the Eétvés number, Eq. 8. For all the cases
examined, the value of C) at the onset of transition averaged 0.96
with a standard dzviation of 0.19 while the value of C; at the end
of transition averaged 2.63, with a standard deviation of 0.52. These
values appear independent of whether the transition region was
crossed by increasing or decreasing the vibratory frequency; there
was no observed hysteresis.

Viscous Liquids

A few tests with a 96% glycerol-in-water solution revealed results
quite different frem the results for inviscid liquids. The most salient
findings were that no weeping was encountered, even for accel-
eration numbers up to 0.57. The observed maximum pressures, and
the bubble frequency ratios in the low acceleration number region
were substantially unaffected by vibration. This is in accord with
the conclusion for the zero-chamber volume region (Barker and
de Nevers, 1982), that at high enough viscosities instantaneous
interface instability is of no effect, and the stability averaged over
the entire vibratory cycle is the controlling factor in bubble release.
A region of FR = 1 was observed in which bubble volume de-
creased linearly with frequency, because no weeping was observed.
But not enough data are available to form substantial conclu-
sions.

CONCLUSIONS

FR >> 1, Inviscid Liquids

The effect of vertical vibrations on bubble volume in this region
is well predicted by a simple mathematical model that required
the use of only one experimental constant, the orifice coefficient.
The approximate upper boundary of this region is given by (ac-
celeration No. /Edtvos No.) = 1. The vibrations generally result in
reduced bubble volume.

FR = 1, Inviscid Liquids

The approximate lower vibrational boundary for this region is
(acceleration No./Eétvés No.) = 2.6. The bubble shape becomes
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cylindrical prior to bubble release. The bubble volume remained
nearly constant while the weeping rate increased with increased
vibrational frequency. The phenomena of gas flowback into the
chamber were pronounced in this region.

Transition, Inviscid Liquids

A region of nonuniform bubble volume formation was always
observed between the FR > 1 and FR = 1.0 regions. At fixed ex-
perimental conditions the bubble size and chamber pressure
fluctuated without detectable periodicity. The region boundaries
are independent of whether the region is crossed with increasing
or decreasing frequency.

Viscous Liquids

Weeping was not observed even at an acceleration number of
0.5. Instantaneous interface instability does not appear to determine
whether or not a bubble forms; the average of the forces over the
entire vibrational cycle seems to be controlling,
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NOTATION

a = amplitude of vibration, m

BR = bubble volume ratio (V/V ponvibrated)

C = acceleration No./Eotvos No. (Eq. 18)

Co = grifice coefficient

f = frequency of vibration, Hz

D, = orifice diameter, m

FR = frequency ratio (ratio of vibrational frequency to
bubble formation frequency)

Fy = instantaneous buoyant force, N

g = gravitational acceleration constant, m/s?

h = liquid head, m

K = polytropic coefficient, Eq. 12

N = dimensionless group in medium chamber region (Eq.
8)

P = pressure, Pa

P, = system pressure, Pa

P, = chamber pressure, Pa

Py = interior bubble pressure, Pa

Ps = pressure on liquid side of bubble interface, Pa

Pavg = average chamber pressure, Pa

P, = initial chamber pressure, Pa

Poax = maximum chamber pressure during bubble cycle,
Pa

aw?/g = acceleration number

g = gas flow rate, m3/s

Qw = liquid (weeping) flow rate, m3/s

R; = instantaneous radius of curvature of bubble, m

R, = orifice radius, m

t = time, s

to = jnitial time, s

vV, = chamber volume, m3

vy = bubble volume, m3

V nonvibrated = €xperimental calculated bubble volume (Eq. 12),
m3

Yy = gas velocity in orifice, m/s

Yiniial . = initial gas velocity in orifice, m/s

Greek Letters
€ = small value of variable (varies)
Ap = gas-liquid density difference, kg/m3
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Pg = gas density, kg/m?

o = liquid density, kg/m?
o = surface tension, N/m
w = radial velocity, rad/s
I = viscosity, Pa-s
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Effects of Radially Nonuniform Distributions
of Catalytic Activity on Performance of
Spherical Catalyst Pellets

The performance of spherical catalyst pellets with radially nonuniform distri-
butions of activity is simulated under parallel reaction networks closely resembling
hydrocarbon oxidation reactions. Both reaction paths are assumed to be exothermic
with the desired path exhibiting lower activation energy requirements than the
undesired one, It is shown that nonuniform activity distributions enhance effec-
tiveness and selectivity over a large range of values of the Thiele modulus. Multiple
steady states in effectiveness and selectivity are observed for certain values of the

heat of reaction parameter.

D. L. JOHNSON and
X. E. VERYKIOS

Department of Chemical Engineering
Drexel University
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SCOPE

It is well known that significant concentration gradients
develop within industrial catalyst particles due to increased
diffusional resistances offered by the tortuous pore structure
of the catalyst. Furthermore, if the reactions are sufficiently
exothermic, significant intraparticle temperature gradients can
also develop. These gradients alter not only the effectiveness
of the catalyst in terms of its global rate, but also the selectivity
in cases where multiple reactions of different order and/or ac-
tivation energy occur. It has been shown (Becker and Wei, 1974,
1977a.b; Shadman Yazdi and Petersen, 1972; Corbett and Luss,
1974; Villadsen, 1976) that the distribution of catalytic activity
within the catalyst particle can alter intrapellet concentration
and temperature gradients which, in turn, can significantly
influence the effectiveness and selectivity of the catalyst.

In the present study, the performance of spherical catalyst

pellets with nonuniform activity distributions of the form: K(r)
= Ki(r/r;)®, o > 0, is simulated under a parallel reaction net-
work of the form: A+ B— C+ D; A+ B— E+ F. Reactions
are assumed to exhibit second-order kinetics and to be exo-
thermic. The desired reaction is of lower activation energy re-
quirements than the undesired reaction. This reaction scheme,
with the stated assumptions, very closely resembles catalytic
hydrocarbon oxidation reactions. Intraparticle concentration
and temperature profiles are obtained for various activity dis-
tributions by numerically solving the mass and energy diffusion
equations. Effectiveness factors and overall pellet selectivities
for various values of the dimensionless activation energies and
heat of reaction parameters are then computed as a function of
the Thiele modulus.

CONCLUSIONS AND SIGNIFICANCE

A mathematical simulation of the performance of spherical
catalyst particles with radially nonuniform distribution of

D. L. Johnson is presently with the Paulsboro Laboratory, Paulsboro, NJ 08066.
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catalytic activity under parallel, exothermic reaction networks
is presented. It is demonstrated that significant reduction of
intraparticle concentration and temperature profiles results
from nonuniform activity distributions. Effectiveness factors

AIChE Journal (Vol. 30, No. 1)



