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Abstract

In the course of eruptive activity of Asama Volcano in 1973,
successive eruptions occurred during the period 16 to 18 February.
Implosion earthquakes associated with the eruptive activity were
examined by the present author, who presented a model for mechanism
of the successive eruptions. A liquid film of magma in the model
plays an important role in a discussion on energetics of dynamical
process inside a volcanic conduit to interpret earthquake magnitudes
of the implosion earthquakes. However, there is little information
available for the film thickness of viscous liquid in the model. From
this point of view, one of the most basic experiments was carried out
to learn this information and to examine the validity of the model.
In the present experiment, several kinds of silicon oils, whose viscosities
are 50, 100, 300, 500 and 1000 cs, were used on the basis of a parameter
N, which supports the application of the experimental results to the
voleanological model. The film thickness was assumed to be one
tenth of inner diameter of a volcanic conduit in the model. In the
experimental results, the ratio of the film thickness of viscous liquid
to the inner radius of pipe was found to range from 0.2 to 0.35 (or
0.1 to 0.18 to the inner diameter). Therefore, the model would be
further confirmed from the present experiment. Moreover, a few
basic data relative to bubble rising in viscous liquids are also discussed.

1. Introduction

Asama volcano erupted on February 1, 1973, after a quiescence of 11

years.

After the first eruption on Feb. 1, 10 major eruptions, five minor

eruptions and successive minor eruptions were observed and the eruptive
activity ended on May 24 of the same year. Including the precursory
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phenomena, SHIMOZURU et al. (1975) and WATANABE (1976) investigated the
1973 eruptive activity of the volcano. Many volcanic earthquakes associated
with the major or minor eruptions were recorded at the seismic stations
of the Asama Volcano Observatory (A.V.0.) and the volcanic earthquakes
were analyzed (SHIMOZURU et al., 1975 ; IMAI et al., 1979; IMAI, 1980, 1982,
1983).

Among the volcanic earthquakes, those termed implosion earthquakes
were found during the successive eruptive activity which occurred on Feb.
16 to 18. It was confirmed by the staff of A.V.O. that the earthquakes
occurred synchronously at the time when individual minor eruptions took
place. Their earthquake magnitudes ranged from 1.0 to 1.6 and their hypo-
centers were found to be roughly in the depth range of 0.5 to 1.5 km just
below the summit crater of the volcano (IMAI, 1982). Initial motions of
the implosion earthquakes indicated that certain implosive events may occur
in the volcanic body, e.g. in a volcanic conduit. Thus, a mechanism of
successive eruptions as inferred from the features of seismic data was
presented by IMAT (1983), who introduced an idea of two-phase flow system
into a discussion of a model for mechanism of successive minor eruptions
which took place at the volcano. In the model, the thickness of a liquid
film of magma plays an important role in a discussion on the energetics
of the dynamical change which occurrs in a volcanic conduit. However,
there is little information on the film thickness of viscous liquid available
for the energetics.

For the sake of examining the validity of the model of successive
eruptions as presented by IMAI (1983), one of the most basic experiments
of two-phase flows is carried out. In the experiments, a silicon oil and a
bit of air are used as a liquid-phase and a gas-phase, respectively.

2. A model of successive eruption

A brief description of the model for mechanism of successive eruptions
is introduced here. The model was presented by IMAI (1983) who introduced
the idea of two-phase flows consisting of liquid magma and gas bubbles into
the model as shown in Fig. 1. In a volcanic conduit, (a) gas bubbles are
produced at the exsolution surface (ES). If water is assumed to be a main
volatile component, then the surface is located at the level where a vapor
pressure line crosses a hydrostatic pressure line. (b) Bubbles exsolved in
magma grow larger gradually by decompressive expansion as the magma
rises or the bubbles themselves rise in magma, by coalescence of neighboring
bubbles, and by diffusion of dissolved volatiles into bubbles. (c) Such a
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Fig. 1. Schematic illustrations of a process modelled as two-phase flow patterns.
ES, MH and FS denote the exsolution surface, the (effective) magma head
and the fragmentation surface, respectively. o¢;, o, and S denote the normal
stress acting inward on the voleanic conduit wall, the normal stress outward
on the wall, and the shear stress acting along the wall, respectively. (after
IMAI, 1983)

bubbly flow changes into a slug flow which consists of large gas bubbles
and the bubbles rise up to the tip of the magma head (MH) where they
disrupt. As soon as a disruption occurs, an inward collapse follows within
the conduit. These phenomena may be supported by the initial downward
or pull motions of earthquakes obtained during the successive eruptive
activities of the volcano. Once the disruption occurs, a magma film between
the walls of a volcanic conduit and gas bubbles flow down to give the shear
stress (S) along the conduit wall and the normal stress (¢,) caused by the
release of gas in bubbles acts on the conduit wall. ¢, should be somewhat
greater than the normal stress o, caused by the expansion of the released
gas. When a down-flow of magma film is realized, an opposite directional
shear stress for S as inferred from the principle of action-reaction can be
neglected. This is because the down-flow is performed so as to balance
between shear stresses acted on a magma film from a conduit wall and
acted on a conduit wall by a magma film whose thickness gradually becomes
thin. (d) A parcel of gas squeezed out of a bubble flows up with fragments
(or drops) of magma and/or fractured conduit wall rocks as an annular flow
in which each component moves in its own velocity. Their velocities
decrease immediately by their own frictions or due to the conduit wall.
Then, they form a gentle eruption cloud which is expanded mainly by
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thermal energy.

3. Apparatus Liquid
surface
Experimental equipment for the measure- .

ment of hydrostatic pressure in the present : REC.
study is shown in Fig. 2. The pressure sensor
is installed on the side of a cylindrical pipe '{.‘ T
whose inside diameter (2R) is 2.0 centimeters. | sensox
The pressure sensor can detect the hydrostatic . <]__+_—__.. AMP.
pressure at the location of the sensor precisely ; A

in the range of 0 to +=0.1kg/cm?

An air cavity whose shape is cylindrical
horizontally is also installed at the bottom of ]
pipe as shown in Fig. 2 and the air cavity is T
able to rotate around the center axis as shown. -

In the present experiment, several kinds of
silicon oils whose viscosities are 50, 100, 300,
500 and 1000 cs (centistokes) are used as liquid-
phases in two-phase flow systems. Their phys-
ical properties are listed in Table 1.

Adin cavity

Axis of
rotation

4, Analysis of experimental data mowth

4.1 Method of analysis Fig. 2. Mechanical and elec-
trical aparatuses used

As mentioned in the previous section, a in the present experi-
ment. A gas bubble is

certain volume of air is let into an air cavity formed by rotating the
whose mouth faces downward as seen in Fig. 2. axis of the air cavity

: ) .g ; located . at the bottom
By rotating the axis, the accumulated air is of the cylinderical pipe.

Table 1. Physical properties of silicon oils at 25°C.

viscosity (centistokes)

50 100 300 500 1000
density (gr/em?) 0.955-0.965 0.960-0.970 0.965-0.975 9.965-0.975 0.965-0.975
viscosity (cs) 50+2.5 100=5 30015 50025 1000450
surface tension — 20.9 — — _
(dyne/em)

specific heat — 0.36 — — 0.36
(cal/gr°C)

heat conductivity — 3.7x10°! - — 3.8x10°*

(cal/em-sec-°C)
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released to form a bubble rising inside the pipe. If the bubble is large
enough to fill the available flow section of pipe, the bubble is termed “a
gas-plug” or “a slug-flow bubble”. Hydrostatic pressures, which are asso-
ciated with the bubble rising, at the location of the pressure sensor are
measured continuously in time until a bubble bursts at the liquid surface
and up to the recovery of its initial condition from the time when the air
was let into the air cavity. A typical profile of the change of hydrostatic

Pressure

Fig. 3. A typical profile of the change in hydrostatic pressure measured by the
pressure sensor installed at a pipe wall.

..\" /\ N . .l::
tet, £patat; t=t, £ttt tet, =t £5<t
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Z

t= /tm t=te

Fig. 4. Locations of bubbles with time sequence corresponding Fig. 3.



390 H. Imal

pressure obtained in the experiments is shown in Fig. 3. TFigure 4 shows
the relationship between the locations of the bubble, the pressure sensor
and the liquid surface as a function of time. ¢, t,, ts, t; and t. signify the
times when the air let into the air cavity has just started to rise as a
gas-plug, the time when the top of bubble has just reached the location of
pressure sensor, the time when the bottom of bubble has just reached the
location of pressure sensor, the time when the top of bubble has just
reached the liquid surface and the bubble is about to burst and the time
when the system has recovered to its initial condition before the time ¢,
respectively.

When we measure a hydrostrtic pressure in time, we can get the
following information :

(@) T1%: volume of air let into a cavity

When we let air into the air cavity, we use a medical syringe. When
we use it, however, the volume of air can not be measured accurately by
use of a scale drawn on a syringe, because of a leak at the connection
between the needle and the body of the syringe or for other reasons. The
volume of air ¥, is obtained as follows. A certain volume of air is let
into the cavity, with the result that the corresponding hydrostatic pressure
increases by 4P, Then, we can formulate the equation,

APy=pgdh , (1)

where 4. is the increase on height of a liquid surface due to the air let
in. Therefore, we can get V, by

V():?TR:_’]PO‘/‘OQ, (2)

where R, o and g are the inside radius of pipe, the density of a viscous
liquid inside the pipe and the gravitational acceleration, respectively
(b) dV/dt: volumetric expansion rate of a bubble due to its rising.
As seen in Fig. 3, the pressure increases gradually in time between ¢,
and ¢. This is because the hydrostatic pressure on a bubble decreases as
the bubble rises. These calculations are carried out only in cases where a
bubble exists below the pressure sensor. Assuming that a bubble expands
from V to V-+4V in the unit time with the result that a liquid surface
rises by 4h, then, we have
AV=zR"1h .
AP=pgdl ,

where 4P is the pressure increase due to a liquid surface moving up by

Adh. Therefore, we get
AV]dt=(zR[og)(dP[dt)q . (3)
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where the subscript “01” means that the value is available for ¢, <t <t and
(dP[dt)y is just the slope inclination of time-pressure (t—P) curve as shown
in Fig. 3. Therefore, we can also write
AdV]dt=(=R*pg)(P;— P))/(t;—t.), (4)
where,
to<t:;<t;<ty,

P0<Pi<Pj<P1’

since the ¢{—P curve between the time ¢, and ¢, can be regarded as a
straight line.

(¢) wv,: bubble rising velocity

The hydrostatic pressure P measured at the position of the pressure
sensor depends only on the height of liquid column between the tip of a
bubble and the liquid surface just while the bubble is passing the side of
the pressure sensor. Moreover, the pressure includes the change of pressure
associated with a bubble rising and the volumetric expansion of the bubble
itself. Therefore, the bubble rising velocity is represented as a function of
time. As shown in Fig. 5, when a bubble rises in the vicinity of the
pressure sensor, we can get the following equation by means of the similar
technique mentioned before :

ho—ho=[v,(tz)+ 1z R)AV[d)](ts—1ta) ,
where v,(t,) is the approximate rising velocity just around the position of
the bubble between the times ¢, and ¢,. If 4k is taken as a plus, we can
get
—dh[dt =2 (tn)+ (1 [zR)AV]dL) .

Since the first term of the right-hand side in the above equation is 10°
times the magnitude of the second or over, we can rewrite the above
equation approximately as

_(dh/dt)t=tm=vg(tm) .
When we use the relationship between & and P, we get
V(tm) =—(1/pg)(dP|dt);=.,, . (5)
Generally, we write
Veltn)=—(1[/pg)(dP[dL),,, (6)

where the subscript “12” means that the value is a good aproximation
during the times ¢, to ¢,. Additionally, the effective length of the bubble
just around the pressure sensor is obtained as

L(t)m:vg(t)m' (t.—1t) (7)
or approximately,
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Fig. 5. Schematic illustration of a bub-
ble rising in the vicinity of the
pressure sensor. The pressure meas-
ured by the sensor is only caused
by a liquid column existing aobve
the tip of a bubble. The column
height of a liquid depends upon the
bubble rising velocity and the vol-
umetric expansion rate of a bubble
itself due to the decrease of hydro-
static pressure acted on it.

Fig. 6. Schematic model for the calcu-
lation of liquid film thickness. For-
mulations are found in the text.

L(t)mzdpl/ﬂg ’ (8)

where 4P, is found in Fig. 3.

(d) o: film thickness

The conditions, of the system
that a bubble just reaches a liquid
surface (see Fig. 4 (f)), and of the
system recovered the initial condi-
tion after a certain measure of time
(see Fig. 4 (g)), are modelled as seen

in Fig. 6(a) and (b). We consider that a ligid film, existing between the
pipe wall and the wall of a bubble whose effective length is L, flows
down to make a cylinder, whose height is /i, clogged up with liquid. Then,
the thickness of a liquid film is defined as

i=R—r.
We can get
h=Q1—1rIRY)L. (9)
On the other hand, % is represented as
h=dP.Jog, (10)
where JP. is seen in Fig. 3. Therefore, we can obtain
6=R[1—{1—1P: ogL}""*]. (11

We next have to get L. If t, is taken as (t;+t)/2, we can write L as a

function of time as follows:

L(t)= L)~ (=R V[dt)(t—tr) (12)

or

L(t)=L(t)12+(1/09))d P[dt)o(t—tn) . (13)

Using Eq. (11), we can get
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3=R[1—{1— AP,Jpg L(t,)}""], (14)

because L appeared in Fig. 6 or Eq. (11) corresponds to the time ¢, as seen
in Fig. 3.

4.2. Results of analysis

Since each run of the present experiment is very reproducible, only one
run is sufficient for a certain volume of air and a certain viscosity of
silicon oil. Then, the number of runs totalled to 20, 21, 23, 22 and 24, which
represent the numbers of changes in volume of air let into the cavity,
related to silicon oils whose viscosities are 50, 100, 300, 500, and 1000 cs,
respectively. The pressure profiles are obtained as the analogue data. At
the time of transforming analogue data into digital data by use of a
digitizer with a magnifying glass, however, some inaccuracy due to the
parallax in readings is unescapable. Therefore, a datum is read twice and
the results due to the procedures mentioned in the previous section are
plotted in Figs. 7, 8 and 9.

The volume rate (volumetric expansion rate) of a bubble relative to
the initial volume of bubble is shown in Fig. 7. It is found that the
lower the viscosity of a liquid, the faster the decompressive expansion of
the bubble. On the other feature, the expansion rate of a bubble increases
with the initial volume of bubble regardless of liquid viscosity. As seen
in Fig. 7, however, these data are widely spread. The cause may be due
to the parallax in readings of the data or the mechanical problem on the
sensitivity of the data recorded for a very small input voltage.

The rising velocity of a bubble relative to the initial volume of bubble
is shown is Fig. 8. The velocity of a bubble increases as the liquid viscosity
decreases. The velocity of a larger bubble becomes more stable with an
increase of liquid viscosity. On the contrary, the smaller the bubble, the
slower the rising velocity. ’

The dimensionless film thickness between pipe wall and the bubble wall
relative to the initial volume of the bubble is shown in Fig. 9. The greater
the liquid viscosity, the thicker the liquid film, roughly irrespective of
bubble dimension. It should be noted that the film thickness becomes more
than 0.3 times the radius of cylindrical pipe for a viscous liquid whose
viscosity is more than 300 cs.
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Fig 8. Experimental

Fig. 7. Experimental result on the

volumetric expansion rate of bub-
ble associated with the decrease
of hydrostatic pressure acting on
the bubble due to its rising in a
viscous liquid within a cylindrical
pipe.

result on the
bubble rising velocity in several
kinds of viscous liquid within a
cylindrical pipe whose diameter
is 2.0 cm.

Fig. 9. Experimental result on the
liquid film thickness for several
kinds of viscous liquid within a
cylindrical pipe whose diameter
is 2.0ecm. The film thickness is
represented dimensionlessly by the
raio of an actual film thickness
to the inner radius of pipe.
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5. Application of experimental results to the
mechanism of successive minor eruptions

In this paper, the argument shall be progressed according to WALLIS
(1969). WALLIS (1969) introduced the dimensionless inverse viscosity N; in
order to arrange the experimental data of two-phase flows. In this section,
we examine the rising velocity of a single bubble in a stagnant and viscous
liquid.

Three cases are considered for the dynamics of flow based on the
government of flow patterns. The cases are termed the inertia dominant,
the viscosity dominant and the surface tension dominant cases, respectively
(WALLIS, 1969). The surface tension dominant cases are not discussed,
because in such cases the bubble does not move at all. In the following
section the density of air p, is negligible as against the density of liquid
o5, because p,<p, can be assumed. In the inertia dominant case, the bubble
rising velocity is given by

vg:kl \/QT; (13)

where k,, ¢ and D are the constant, the gravitational acceleration and the
diameter of the pipe, respectively. The equation (13) represents the rising
velocity independent of the viscosity of a liquid in the case that the inertia
is dominat in the system. In the viscosity dominant case, the bubble rising
velocity is given by
vg:k2gD2(Pf/#f) ’ (14)

as an empirical equation, where u, and k. are the viscosity of a liquid and
the constant, respectively.

WALLIS (1969) introduced three dimensionless parameters as mentioned
above. One is the dimensionless inverse viscosity shown by

lVf—_—(pf//,lf) '\/g—,D3 (15)
and another is the Archimedes number shown by
Nar=1/pA (0, /9)"?, (16)

where o is the surface tension. The third one is termed the Eétvos number
shown by

Nes=gD%,[o . am
The dominant cases of inertia, viscosity or surface tension were each
arranged by means of the above dimensionless parameters as shown in
Table 2, and the general case was discussed by WALLIS (1969) who termed
the k; in Eq. (13) the dimensionless bubble velocity. The k, relative to
the N, in a slug flow is showh in Fig. 10. In the intermediate range of
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Table 2. Three characteristic flows and their dimensionless groups
(WALLIS, 1969).

Inertia dominant : N;y>300, Npy>100— k;=0.345
Viscosity dominant : N;y<2, Ng3p>100— Fk;=0.01N;
Surface tension dominant: Ng;=38.37, N/°=6.2N 4,

*Dimensionless inversse viscosity

N, = (Dg(or—pn) ps]'?
s

*Archimedes number

3/2
/T . S
w2 (pr—pp)'”
*Eétvos number

D (ps—
NEii:Lj%f Pe)

N;, 2 to 300, a good approximation
for the dimensionless bubble veloc-
lty iS made by 100 | Ky = 0.345¢ 1_{0.01 N/ 0.345, 4

1
10 T

Jey=0.345(1—¢ MV 1030) | (18)

ky = S.Dl Ne

In cases where the surface-tension 072 k
effects are not negligible, the ap-

proximation is carried out by

1073 .

1074 E

Dimensionless bubble velocity kx

Jey=0.345(1— ¢~ 1/°99)

__,(3.31-Ngg/m - !
X (1 € © ) (19) 0 1072 107t 10 102 10° 1;‘ 10
. . R Dimensionless inverse viscosity Ng
as a function of m which is con-
strained by N; as follows: Fig. 10. Relationship between dimen-
sionless inverse viscosity Ny and
250 < N ; m=10, dimensionless bubble rising velocity

vg in slug flow (after WALLIS, 1969,

18<N;<250; m=69 N;, (20) Chap. 10, Fig. 10.4).

N;<18 ; m=25.

The rising velocity of a bubble in a stagnant and viscous liquid can
be calculated by means of empirical equations (13) and (14), taken with
J:;=0.854 (WALLIS, 1969, Eq. 10.18) and k,=0.01 (WALLIS, 1969, Eq. 10.12),
respectively. The results of the calculations are listed in Table 3. It cannot
be said that the results from the empirical equations suit the data from
the experiments. The reason is that the N,'s of our experiments are
included in the intermediate range, 10° to 10°, of the N, in Fig. 10.
Therefore, we should use Eq. (18) or Eq. (19). The result is also seen in
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Table 3. It is found that our experimental data are universally arranged
by the dimensionless bubble rising velocity in a slug-flow, given by Eq. (18).
If we believe in the analogy in fluid dynamics relative to a slug-flow
system,. the analogy gives the bubble rising velocity in magmas.

Table 3. Bubble rising velocity by the empirical equations and from our
experimental results (cm/sec).

- N Empirical equations Our
§2 cs f :
g Eq 138 Eq 14 Eq 18 | experiment
50 177.1 78.4 15.2 11—14
100 83.5 39.2 14.1 11—14
300 29.5 15.3 13.1 8.8 ~8.5
500 17.7 7.8 6.1 ~6.0
1000 8.9 3.9 3.8 ~3.8

Our slug-flow model for a mechanism of successive eruptions as men-
tioned by IMAI (1983) can be supported by the experimental results, based
upon N;, according to the following part. Since Asama Volcano is an
andesitic one, the density and the viscosity of the magma are assumed to
be 2500 kg/m® and 10* to 10° poise by use of the physical properties of Mt.
Hood Andesite (MURASE and MCBIRNEY, 1973), provided that the tempera-
ture of the magma is around 1150°C as presented by OOSHIMA (1976). The
diameter of the voleanic conduct is considerd to range roughly from 5 to
10 meters. By using the above geophysical constants, the values of N, are

Table 4. N; as functions of viscosity and diameter of a
pipe obtained by Eq. 15.

(a) density of magma=2500kg/m?®

viscosity (poise)

Diameter of conduit (m) 10t 10°
5.0 87.5 8.8
10.0 247.5 24.8

(b) diameter of conduit=2.0cm

viscosity (cs) Ny

50 177.1
100 88.5
300 29.5
500 17.7

1000 8.9
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calculated as listed in Table 4(a). The values of N, in the present experi-
ments are also seen in Table 4(b), on the basis of the physical properties
of silicon oils and the inner diameter of pipe. Thus, both cases show a
nearly similar variation in N, as is also seen in Fig. 11.

1000

Table 5. Evaluation on bubble rising

oo L ug = 10 poise veloeity in magmas based on Ny
shown in Table 4(a).
N %“;om —
—_ < socs N, velocity (m/sec)
00— 100 cs 8.75 0.54
0 |- 24,75 1.24
300 cs % 87.5 2.22
£ poise
P50es T 247.5 2.41
1 p— 1000 e

The bubble rising velocity is

s evaluated from the N; obtained from
/M dynamical parameters that appeared
I I R in the model for mechanism of suec-

’ y N " cessive eruptions. The results of
Fig. 11. General dimensionless repre.  th€ €valuations bubble rising veloci-

sentation of bubble rising velocity ties are listed in Table 5. Conclusive-

in slug flow based upon the dimen- ly, the bubble rises in viscous liquid,
sionless inverse viscosity (after whose viscosity ranges from 10* to

WALLIS, 1969).

10° poise, as a plug with a velocity
in the range of 0.5 to 2.5 m/sec in the volcanic conduit whose diameter is
taken to be 5 to 10 meters. If the above assumptions are valid, then the
interval between the plugs is estimated to be within 150 meters based
upon the time interval of successive eruptions, most of which occurred
within 60 sec (SHIMOZURU et al., 1975).

Moreover, it is found that the thickness of the liquid film becomes 0.2
to 0.35 times that of an inner radius of the cylindrical pipe, though the
value is variable with the liquid viscosity. IMAI (1983) estimated the
potential energy loss due to a liquid film flowing down along a valcanic
conduit wall in order to interpret the seismic energy of implosion earth-
quakes associated with successive eruptions of Asama Volcano as mentioned
previously. At the time of calculation on the energetics, the liquid film
thickness was assumed to be one tenth of the inner diameter of volcanic
conduit. According to our experimental results, however, the ratio of the
liquid film thickness to the inner radius of pipe ranges roughly from 0.2

Diameter {m)
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to 0.35 and the thickness namely becomes 0.1 and 0.18 times that of the
inner diameter of pipe. Therefore, it is thought that the potential energy
loss would be greater than those evaluated by IMAI (1983), with the result
that the energetics would be more appropriate for the model.

6. Conclusion

To examine the validity of a model for the mechanism of successive
eruptions proposed by IMAI (1983), one of the most basic experiments of
two-phase flows is carried out by using several kinds of viscous liquids.
In the present experiment, silicon oils whose viscosities are 50, 100, 300,
500 and 1000 cs and a cylindrical pipe whose inner diameter is 2.0cm are
used on the basis of N, which supports the application of the present
experimental results to the volcanological model. The film thickness of the
magma was assumed to be 0.1 times the inner diameter of volcanic conduit
in the model by IMAI (1983), whereas the thickness has been found to
range from 0.1 to 0.18 times the inner diameter of pipe in the present
experiment. Thus, the validity of the model has been further enhanced
by the results of the experiment. The other basic results of the two-phase
flows can be cited as follows. The rate of the decompressive expansion
of a bubble becomes greater in relation to a lower viscosity of a liquid and
the rate increases with the volume of the bubble regardless of liquid
viscosity. The rising velocity of a bubble increases with a decrease in
liquid viscosity. Moreover, the velocity of a larger bubble becomes more
stable with an incease in liquid viscosity. It is believed that the above
results would be of great value in interpreting volcanic phenomena.
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