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Abstract

At basaltic volcanoes, the sources of long-period and very-long-period seismicity and acoustic signals are

frequently described in terms of fluid dynamic processes, in particular the formation and ascent of gas slugs within the

magma column and their bursting at the surface. To investigate pressure changes associated with these processes, two-

phase flow experiments have been carried out in vertical and inclined pipes with both single gas slugs and a

continuously supplied gas phase. The ascent of individual gas slugs is accompanied by strong dynamic pressure

variations resulting from the flow of liquid around the slug. These dynamic transients generate sub-static pressures

below the ascending slug in viscosity-controlled systems, and produce super-static pressures when the slug reaches the

surface and motion ceases in inertia-dominated systems. Conduit inclination promotes a change of regime from

bubbly to slug flow and favours an increase in size and velocity of the slugs at the expense of their frequency of

occurrence during continuously supplied two-phase flow. The experimental pressure data support previous theoretical

analyses of oscillatory sources in ascending slugs as the slugs approach the surface and burst. Pressure oscillations are

also observed during the release of gas slugs and in their wake region.
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Keywords: Strombolian-type eruptions; very-long-period seismicity; slug £ow; pressure oscillations

1. Introduction

As commonly observed at Kilauea, Stromboli,

and Etna volcanoes, the separation of exsolving

gases from low-viscosity magmas can result in

distinct styles of volcanic activity. These represent

the surface expressions of di¡erent two-phase

(magma and gas) £ow regimes within the conduit,

with Hawaiian eruptions being the result of annu-

lar £ow and Strombolian eruptions representing

the bursting of large individual gas bubbles. As

the repeatability of many long-period (LP, 0.2^2 s)

and very-long-period (VLP, 2^100 s) seismic

events recorded at basaltic volcanoes suggest,

they have non-destructive, £uid dynamic sources

(Chouet, 1988; Chouet et al., 1994; Neuberg et

al., 1994; Chouet, 1996; Chouet et al., 1997,

1999; Ripepe and Gordeev, 1999; Ripepe et al.,
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2001; Chouet et al., 2002; Konstantinou, 2002).

An understanding of these processes is becoming

increasingly important. LP events are commonly

believed to represent the result of resonating

source regions (Chouet, 1988, 1992, 1996; Kuma-

gai and Chouet, 1999) whereas VLP events are

attributed to the wholesale movement of liquid

(Arciniega-Ceballos et al., 1999; Nishimura et

al., 2000; Kumagai et al., 2001; Chouet et al.,

2002). In this study, we carry out pressure mea-

surements on two-phase laboratory £ows in pipes

to gain further insights into how large ascending

bubbles can act as sources of seismic and acoustic

energy.

At Stromboli, both tremor and eruption seismic

signals have been associated with bubble coales-

cence and rise (Chouet et al., 1997, 1999; Ripepe

and Gordeev, 1999; Ripepe et al., 2001; Chouet

et al., 2002), and infrasonic acoustic measure-

ments have been modelled with processes associ-

ated with bubbles bursting at the surface of the

lava column (Vergniolle and Brandeis, 1996; Ri-

pepe and Gordeev, 1999). Recent work on VLP

seismic data from Stromboli points to highly re-

peatable source mechanisms associated with ex-

plosions (Chouet et al., 1999, 2002). The locations

of these sources, o¡set from directly under the

vent region, suggest a conduit inclined roughly

30‡ from the vertical, rising from a depth of about

200 m below the surface (Chouet et al., 2002). The

inclination of the conduit has implications not

only for the stability of the £ow regimes likely

to occur within it, but also for the details of

how these £ow regimes are expressed. Accord-

ingly, the experiments described here were carried

out in both vertical and inclined tubes in order to

investigate the dependence of £ow patterns on

tube inclination and quantify the resulting pres-

sure £uctuations within the £ow.

Engineering applications such as transport

pipelines and bubble column reactors have driven

a comprehensive literature on two-phase (gas^liq-

uid) £ows in pipes, although much work remains

to be done to achieve full understanding of the

complexities of the £uid dynamics involved (Joshi,

2001). A considerable amount of this literature

describes details of the slug £ow regime (believed

to be responsible for Strombolian eruptions

(Blackburn et al., 1976; Seyfried and Freundt,

2000) at basaltic volcanoes) in which large bub-

bles with diameters approaching that of the pipe,

rise within a continuous liquid phase. In engineer-

ing, this regime is usually described by using the

terms ‘Taylor bubble’ for the gas phase and ‘liq-

uid slug’ for the connected, liquid phase. How-

ever, we retain here the terminology commonly

used in the volcanology literature (Jaupart and

Vergniolle, 1989; Seyfried and Freundt, 2000; Ri-

pepe et al., 2001) and by Clift et al. (1978), in

which the gas phase is referred to as the slug.

Detailed two-phase £ow studies have focused on

the bubbly to slug £ow regime transition (Legius

et al., 1997; Cheng et al., 1998; Krussenberg et

al., 2000), slug ascent velocity (Nicklin et al.,

1962; White and Beardmore, 1962; Zukoski,

1966; Wallis, 1969; Seyfried and Freundt, 2000;

Shosho and Ryan, 2001), coalescence of slugs

(Shemer and Barnea, 1987; Pinto and Campos,

1996), and the documentation of slug shapes (Go-

pal and Jepson, 1998; Polonsky et al., 1999a;

Seyfried and Freundt, 2000) and liquid £ow pat-

terns around slugs (Kawaji et al., 1997; Polonsky

et al., 1999b; Bugg and Saad, 2002).

Three dimensionless parameters are required to

compare gas slugs rising buoyantly in liquid-¢lled

tubes in di¡erent systems (White and Beardmore,

1962). These are the Froude number:

Fr ¼ Uo
ffiffiffiffiffiffiffi

gD
p ð1Þ

Morton number:

Mo ¼ gW 4

bc 3
ð2Þ

and Eo«tvo«s number:

Eo ¼ bgD2

c
ð3Þ

where Uo represents the terminal ascent velocity

of the slug, g is the gravitational acceleration con-

stant, D is the internal diameter of the tube, and

W, b, and c are the viscosity, density, and surface
tension of the liquid, respectively. Within the

space de¢ned by these parameters there exists a

region within which viscous and surface tension

forces are trivial (White and Beardmore, 1962). In
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this region, bounded by Mo6 1036 and Eos 100

(White and Beardmore, 1962), slugs are inertially

controlled and rise at their maximum velocity in

vertical tubes, given by Fr=0.35. Zukoski (1966)

demonstrated that slugs rising in inclined tubes

can exceed this velocity by up to V80%.

In basaltic systems with vertical conduits, typi-

cal ranges of these parameters are 0.16Fr6 0.35,

1056Eo6 107, and 1056Mo6 1010, assuming

506W6 500 Pa s, b=2600 kg m33 and c=0.4
N m31 for basalt, and 16D6 10 m for the con-

duit (Seyfried and Freundt, 2000). These ranges

indicate that gas slugs ascend within a transitional

regime with a velocity dependent on slug volume

and liquid viscosity. When Eos 100, the surface

tension plays little role in determining the slug

ascent velocity (Wallis, 1969). In the experiments

described here, D=0.038 m, 0.166Uo6 0.33 m

s31, 0.0016W6 0.9 Pa s, and cW0.07 N m31,

which place the £ows within the inertial and

transitional regimes with 0.266Fr6 0.54,

2006Eo6 270, and 103116Mo6 14 (Table 1).

As the diameter of our laboratory-scale pipe dic-

tates a much smaller Eo«tvo«s number than in ba-

saltic systems, surface e¡ects will be enhanced in

our experiments, but should not represent a con-

trolling factor.

To assess the importance of viscous e¡ects, a

dimensionless inverse viscosity:

N f ¼ Eo3

Mo

� �
1

4 ¼ bD

3

2g

1

2

W
ð4Þ

may also be considered (Fabre and Line¤, 1992), in

which the viscous regime is given by Nf 6 2, and

inviscid approximations are appropriate for

Nf s 300. For the parameters given above for a

basaltic system, 166Nf 6 5000 while, in our lab-

oratory £ows, 346Nf 6 30 000. It is worth noting

that in the inviscid case, where slugs are inertially

controlled, the condition Fr=0.35 implies that Nf

becomes proportional to the Reynolds number,

Re, de¢ned as Re= bUD/W. Reynolds numbers
for slugs in our experiments vary between V10

and 104. For a basaltic system and assuming slug

rise velocities of order 1 m s31, 56Re6 103.

Therefore, our experiments cover relevant re-

gimes, with end members under inertial control

and approaching viscous control. Processes sug-

gested by our pressure measurements should

therefore be scalable to basaltic systems.

2. Apparatus

Our experiments were carried out using a tube

of borosilicate glass with internal diameter of 38

mm (Fig. 1). In experiments with vertical tubes,

the apparatus was suspended from its top end

using a rubber bicycle inner tube to isolate the

tube from external vibrations. In experiments

with inclined tubes, the bicycle inner tube was

disconnected from the top of the tube and looped

through a chain attached at two di¡erent points

along the tube. Pressure sensors were mounted in

the base of and at various intervals along the ex-

perimental tube with the sensor inlets set £ush

with the inside surface of the tube. Two di¡erent

types of pressure sensor were used, namely BOC

Edwards Active Strain Gauges (ASGs) and Hon-

eywell di¡erential pressure sensors 163PC01D75

(163PCs). The ASG pressure sensor has a fre-

quency range of d.c. to V1 kHz and an absolute

accuracy of S 400 Pa. The 163PC sensor measures

the di¡erence of pressure between the ‘wet’ sens-

ing inlet and pressure outside the tube (i.e. atmo-

spheric pressure), and has a dynamic range of

S 800 Pa and quoted response time of 1 ms. How-

Table 1

Typical values of dimensionless constants for slug ascent in vertical tubes during the experiments

Experimental liquid Viscosity Dimensionless number Observed control

(Pa s) Fr Mo Eo Nf Re

Water 0.001 0.35 (0.54) 10311 200 104 V104 inertial

Sugar 1 0.09 0.29 (0.47) 1033 250 320 95 (145) transitional

Sugar 2 0.9 0.26 (0.33) 14 270 34 9 (11) viscous

Where they di¡er signi¢cantly, typical values for tubes inclined at 40‡ are given between parentheses.
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ever, unexplained phase di¡erences observed in

some of the data recovered from these sensors

at frequencies higher than 100 Hz (possibly result-

ing from slight contamination of the semi-con-

ducting sensing wafer) suggest that a slower re-

sponse time of 0.01 s may better characterise

such transducers. A microphone AKG CK 77

WR, with £at response between 200 and 10 kHz

(31 db at 100 Hz, 38 db at 30 Hz), was also used

to record acoustic signals above the liquid col-

umn.

Output voltages from the sensors were logged

at a sampling rate of 5 kHz with 16-bit resolution

using a National Instruments DAQ board in a

PC. Experiments were also recorded with a digital

video camera (Canon DM-XL1 in FRAME

mode) synchronised to the pressure data by in-

cluding an LED binary counter (incremented by

the scan clock of the logging board) within the

¢eld of view. Using a shutter speed of 1/1000 s,

the digital images could be correlated to the sen-

sor data with an accuracy of S 5 data points

(1 ms).

Two di¡erent kinds of experiments were carried

out, in which air was the gas phase and sugar^

water solutions were used for the liquid phase.

Tap water was used as the lowest-viscosity liquid

(0.001 Pa s). To obtain more viscous liquids,

white cane sugar was dissolved in tap water to

produce solutions with viscosities of 0.09 and

0.9 Pa s, and densities of 1250 and 1320 kg

m33, respectively (Table 1). The rise of single

gas slugs was investigated in the three liquids

over a range of tube inclinations. Gas slugs were

produced by using a gate made of either a Te£on

or copper sheet set in a joint located 20 cm above

the base of the tube (Fig. 1). The upper portion of

the tube was then ¢lled with liquid up to a height

of about 2 m, leaving the lower section dry. Rapid

removal of the gate released the gas slug. To min-

imise oscillations of the liquid column induced

during release of the slug, the gas section was

pressurised to hydrostatic pressure prior to slug

release. Unfortunately, di⁄culties in producing a

perfectly gas-tight seal at the gate (particularly

when the tube was inclined) made it di⁄cult to

completely eliminate such transient oscillations.

The nominal mass of gas in a slug was 0.3 g.

Further experiments were carried out in which

a constant supply of gas was injected via either a

wooden or ceramic bubbler (¢sh tank aerators) at

the base of the tube, and pressure changes were

measured during the continuous rise of the bub-

bles and developing gas slugs produced in that

manner. These experiments were conducted over

a range of tube inclinations and two liquid viscos-

Fig. 1. Experimental apparatus consisting of a 2.5-m-long

liquid-¢lled glass tube. (a) Apparatus setup. Pressure sensors

(ASG transducers) are located along the tube, and smaller-

range 163PC di¡erential pressure transducers are set up close

to or just above the liquid surface. A removable gate is used

for slug generation during single slug experiments. This gate

is omitted during continuous gas-supply experiments, during

which gas enters the liquid column from a bubbler set in the

base of the tube. (b) Tube mounting con¢gurations. In ex-

periments carried out with a vertical tube, the tube is sus-

pended from a concrete ceiling using rubber tubing (rt). In

experiments with inclined tubes, the tubing is connected to a

chain (ch), which is attached at two di¡erent points to the

experimental tube. The angle of the tube is varied by altering

the length of chain on either side of the suspension point

and the tube is tilted counterclockwise within the plane of

the sketch shown in (a), so that transducers ASG 3, ASG 4,

and 163PC2 are located on the upper wall of the tube.
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ities (0.001 and 0.09 Pa s). The pressurised gas

was provided by a regulated air cylinder to min-

imise oscillations generated by the source.

3. Experiments with single gas slugs

Characteristic pressure changes induced during

the ascent of individual gas slugs were observed in

all our experiments. The behaviour of the pressure

£uctuations was found to depend on both the liq-

Fig. 2. Pressure changes recorded by the ASG sensors during

the ascent of a gas slug or rise of a buoyant £oat. (a) Abso-

lute pressures recorded during the ascent of a slug in liquid

with a viscosity of 0.9 Pa s. Pressure equalisation of the slug

was carried out before slug release. The slope of the ASG 1

data before slug release is the result of gas loss from the slug

source caused by a slightly leaky gate, however, the slug was

still slightly above static pressure when it was released as

shown by the relatively large pressure drop. The oscillations

near 7 s are caused by vibrations of the apparatus and liquid

column triggered at the withdrawal of the gate retaining the

slug. Upon reaching the surface of the liquid near 19 s, the

slug bursts, leaving the upper sensors (ASG 5 and 6) no lon-

ger immersed in liquid. (b) Results obtained for a slug under

atmospheric pressure released in a liquid with viscosity of

0.001 Pa s. Note that the individual pressure traces are la-

belled on both the left- and right-hand side of the plot.

Without pressure equalisation, the vertical oscillations of the

liquid column induced by the release of the slug are responsi-

ble for the large dynamic pressures recorded. With the excep-

tion of ASG 1 located at the base of the tube beneath the

slug, the maximum amplitude of pressure oscillations, indi-

cated by the grey line with symbols and measured by the

right-hand scale, is directly proportional to the pressure

transducer depth. The pressure changes recorded during the

slug ascent and bursting in (a) are clari¢ed in (c), where the

static pressure immediately after slug release has been sub-

tracted from the data of each sensor. As the slug ascends

and expands, sensors above it detect an increased pressure

due to the increasing head of water. Sensors below the slug

detect a gradually decreasing pressure due to the increasing

magnitude of dynamic losses in the £owing liquid around the

expanding slug. After the slug bursts, a gradual £ow of liq-

uid returns the pressure values to their new static pressures

(which are lower than the initial static pressures due to the

volume below the gate now being occupied by liquid). For

comparison with (c), the data shown in (d) represent the as-

cent of an incompressible £oat in the same liquid (0.9 Pa s).

These data demonstrate the absence of the pressure changes

associated with the expansion of the slug as it ascends the

tube.
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uid viscosity and tube inclination. In order to

demonstrate the main features of the pressure

changes recorded, Fig. 2a shows the ASG data

from an experiment carried out with a vertical

tube and a liquid viscosity of 0.9 Pa s. These

data represent absolute pressures, therefore their

o¡sets are representative of the di¡erent heads of

liquid above individual sensors. At 0 s the data

represent the hydrostatic pressure at each sensor

before the slug is released, and at 25 s the data

re£ect the decreased hydrostatic pressures after

the slug has burst. During intermediate times,

the pressure data represent the contributions

from both hydrostatic pressure and dynamic pres-

sure variations associated with liquid movements.

These pressure changes, and variations in them

due to liquid viscosity and tube inclination, are

discussed below for the time intervals including

the slug release, slug rise, slug approaching the

surface, and slug bursting.

3.1. Slug release

The transient oscillations detected near 7 s (Fig.

2a) are due to vibrations of the apparatus and

water column induced during slug release. Pres-

sure equalisation of the gas slug was carried out

before its release, therefore static pressures mea-

sured above the slug do not change rapidly and

these transients mainly re£ect the accelerations of

the apparatus and liquid column induced by the

physical removal of the gate. Several experiments

were also carried out during which the gas was

left at atmospheric pressure before release. Data

collected during these experiments displayed

much larger pressure oscillations (Fig. 2b) in-

duced by the water column bouncing on the gas

slug after its release. These dynamic pressure os-

cillations re£ect the acceleration of the liquid col-

umn, as demonstrated by the increasing magni-

tude of pressure oscillation with increasing

sensor depth (shown by the grey line and symbols

in Fig. 2b). At the base of the column, the pres-

sure increase required to accelerate all the liquid

above it must be signi¢cantly larger than the pres-

sure increase measured near the surface of the

liquid, where only a small amount of pressure is

required to accelerate a comparatively smaller

mass of liquid. Above the slug and in a liquid

of constant density, just as the hydrostatic pres-

sure is proportional to depth, the amplitudes of

dynamic pressure oscillations are also proportion-

al to depth. Below the slug, in contrast with hy-

drostatic pressure, amplitudes are constant with

depth. With a greater liquid viscosity, the oscilla-

tion amplitude would be reduced from those

shown in Fig. 2b due to the smaller accelerations

of the liquid.

3.2. Slug ascent

After the removal of the gate, the slug rises past

the pressure sensors, which sequentially detect a

pressure drop as a result of the decreased mass

above them (Fig. 2a). The roughly linear pressure

drop recorded during the interval 12^19 s by sen-

sors ASG 2^5 marks the passage of the body of

the slug past each transducer. However, as indi-

cated by the subsequent pressure increase back to

hydrostatic when the slug bursts near 19 s, some

of the pressure drop must also re£ect a dynamic

e¡ect associated with the liquid £owing around

the gas slug. The pressure increase near 19 s re-

£ects the termination of this dynamic e¡ect and

gradual slumping of the liquid ¢lm from around

the sides of the burst bubble, back to the top of

the liquid column.

Dynamic e¡ects are more obvious in Fig. 2c,

where the initial hydrostatic pressure immediately

following slug release has been subtracted from

the data. These results show the pressure changes

detected by each sensor during slug ascent and

slug burst. A steady pressure increase is detected

before the slug reaches a transducer, and a gentle

pressure decrease is observed after the slug has

completely passed by the transducer. Finally, the

pressure increases again after the slug has burst at

the surface of the liquid. Final static pressures are

lower than those recorded at the beginning of the

experiment, re£ecting the lower level of liquid in

the tube as the liquid now ¢lls the volume origi-

nally occupied by gas below the gate.

As the gas slug rises in the tube, it expands in

response to the decreasing static pressure it expe-

riences (Polonsky et al., 1999a; Seyfried and

Freundt, 2000). Consequently, the surface of the
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water column must rise and the pressure sensors

above the slug detect the increased water head

above them. This results in a steady increase of

pressure before the slug reaches a transducer (Fig.

2c). Following the passage of the slug past the

transducer (indicated by the sharp pressure de-

crease), the pressure measured by this sensor con-

tinues to gradually decrease until the slug bursts

at the surface. This non-intuitive behaviour is the

result of dynamic losses within the £uid ¢lm £ow-

ing past the sides of the rising slug due to the

liquid viscosity. As the slug ascends and expands,

the increasing slug length increases the magnitude

of this e¡ect, which manifests itself in the gradual

pressure decreases measured below the slug (Fig.

2c).

These interpretations are supported by the data

in Fig. 2d, which show results obtained in an ex-

periment in which the gas slug was replaced by an

incompressible £oat (a 101-mm-long cylinder with

a diameter of 31 mm and mass of 10.5 g). The

results in Fig. 2d are qualitatively similar to those

in Fig. 2c, but lack the subtle pressure changes

associated with the expansion of a rising gas

slug. For example, sharp pressure decreases are

observed as the £oat passes each sensor, and pres-

sure increases are seen in association with the

cessation of liquid £ow after the £oat has reached

the surface. However, the gradual pressure

changes due to increasing liquid head and increas-

ing slug length are not present.

Detailed observations of the pressure changes

immediately behind ascending slugs show that

the wake region varies with liquid viscosity. Vis-

ual observations indicate that slugs rising in water

are trailed by a turbulent wake containing many

entrained small bubbles. In this case, the shape of

the slug base is constantly changing. This wake

e¡ect is demonstrated in the pressure data illus-

trated in Fig. 3. In a liquid with viscosity of 0.001

Pa s, the passage of the slug is followed by a short

interval of low pressure. Pressure oscillations ob-

served within this low-pressure interval re£ect the

turbulent nature of the bubble wake. In contrast,

no low-pressure interval is detected behind slugs

rising in a 0.9-Pa-s liquid. In a liquid of intermedi-

ate viscosity (0.09 Pa s), the transient pressure

decrease is still observed but the pressure oscilla-

tions are absent.

Fig. 4. Dependence of the slug ascent velocity on tube incli-

nation and liquid viscosity. The velocity is given in dimen-

sionless form by the Froude number. The solid curve shows

the empirical ¢t obtained by Zukoski (1966) for slugs ascend-

ing in vertical and inclined tubes ¢lled with an inviscid liq-

uid. The results from our 0.001 and 0.09 Pa s solutions are

similar, indicating that slugs in our experiments were rising

close to this inertial regime. Velocities are considerably re-

duced in a 0.9-Pa-s solution, suggesting that viscosity is in-

creasingly controlling slug ascent in higher-viscosity liquids.

The inertial maximum of Fr=0.35 for vertical tubes (White

and Beardmore, 1962) is indicated by the dashed line.

Fig. 3. Pressure changes observed in the wakes of slugs as-

cending in liquids of di¡erent viscosities. In tap water (0.001

Pa s), the wake immediately behind the slug (expanded in

the inset box) shows a low-pressure signal lasting V400 ms

and representing a length scale of V2.3D. During this inter-

val, pressure oscillations are measured in coincidence with

the visually observed turbulent nature of the slug wake. In a

sugar solution with viscosity of 0.09 Pa s, the reduced pres-

sure region is still present, however, no oscillations are de-

tected. In a sugar solution with viscosity of 0.9 Pa s, the re-

duced pressure region and oscillations are both absent. For a

liquid at this viscosity, the wake region is not observed to be

turbulent.
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Slug ascent velocities were determined from

video records. Measurements were made in the

top 30 cm of the tube, and the results are repre-

sented by Froude numbers for di¡erent tube in-

clinations and liquid viscosities (Fig. 4). The scat-

ter in the data displayed in Fig. 4 primarily

re£ects the fact that the apparatus was not opti-

mised for velocity measurements. In particular,

the pressure sensor mounting brackets obscured

sections of the tube, thus reducing the area of

the video frames available for analysis. Despite

such limitations, our data are found to be com-

parable with previously published results (Zuko-

ski, 1966) and are presented here to illustrate their

dependence on conduit inclination. For liquid vis-

cosities of 0.001 and 0.09 Pa s (with Nf =30 000

and 340, respectively), the di¡erence in viscosity

does not appear to a¡ect the velocity results,

which lie close to the empirical curve of Zukoski

(1966) and demonstrate velocity increases of

up to 50% in inclined tubes. Ascent velocities

in a liquid with viscosity of 0.9 Pa s (Nf =34)

are signi¢cantly lower, pointing to the increasing

importance of viscous drag for values of Nf low-

Fig. 5. Pressure oscillations detected as a slug approaches the liquid surface. (a) Data for vertical tubes. Increasing oscillation am-

plitudes are observed in the 163PC data above the slug only in a low-viscosity (0.001 Pa s) liquid (only 163PC 1 data shown).

(b) Raw pressure data (lower trace), and band-pass ¢ltered (7^100 Hz band) pressure (upper trace). The spectrogram (0.2-s win-

dow sliding in increments of 0.02 s across the record) shows the frequency increase detected as the slug approaches the surface.

The white line superimposed on the spectrogram represents the frequency of longitudinal oscillations of the gas slug estimated

from Eq. 7, see text). (c) Data for tubes inclined at 40‡. The more pronounced oscillations are believed to be an experimental ar-

tefact. The increasing oscillation amplitudes seen in (a) as the slug approaches the surface are not observed in this case. Note the

small pressure spike in front of the slug on the upper wall of the tube (163PC 2 data).
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er than those included in the Zukoski (1966)

curve.

3.3. Slug approaching the liquid surface

Low-amplitude pressure oscillations were fre-

quently observed as the slug approached the sur-

face. Fig. 5a illustrates oscillations detected in

front of the nose of a slug in water (0.001 Pa s).

The top panel in Fig. 5b shows the data of Fig. 5a

after ¢ltering with a 7^100-Hz band-pass ¢lter.

The oscillations show a marked frequency in-

crease as the front of the bubble approaches and

passes by the transducer. No similar oscillations

were detected in higher-viscosity liquids in vertical

tubes (Fig. 5a) or in inclined tubes (Fig. 5c),

although their detection may have been hampered

by higher levels of background oscillations in the

latter experiments. The source of the background

oscillations is unknown, but the fact that these

were observed only in inclined tubes and could

persist even after a slug had burst, suggests that

they were probably not directly related to slug

ascent. Background oscillations were absent prior

to slug release and we surmise these may represent

an experimental artefact associated with the re-

moval of the gate and the apparatus suspension

system for inclined tubes.

The data in Fig. 5c illustrate the spatial distri-

bution of pressure in front of the bubble in in-

clined tubes. The pressure sensor located near the

top of the tube (sensor 163PC 2 in Fig. 1) re-

corded pressure spikes before the noses of passing

slugs. These spikes represent dynamic pressure

changes associated with the movement of the liq-

uid out of the path of the slug. The spike duration

(V150 ms in 0.001-Pa-s liquid) suggests that the

pressure transient originates within a short dis-

tance (V1D) in front of the slug, in agreement

with previous calculations and measurements of

the liquid velocity ¢eld ahead of a gas slug (Po-

lonsky et al., 1999a; Bugg and Saad, 2002).

3.4. Slug burst

Processes observed to occur during slug bursts

are illustrated schematically in Fig. 6. In vertical

tubes and low-viscosity liquids, upon arrival at

the surface the slug nose £attens out as liquid

drains rapidly to form a membrane. In several

experiments, an upward £exure of this membrane

was observed in a single video frame before the

membrane returned to a £at, horizontal form. In

a 0.9-Pa-s liquid, the viscosity appeared to be suf-

¢cient to signi¢cantly hinder drainage from the

region directly in front of the gas slug. As a result,

the liquid surface domed on approach of the slug

nose and a curved membrane was formed initially,

often lasting for several video frames (s 0.08 s in

Fig. 6b). Liquid was observed to drain from it

and from the tube walls below it and, in most

cases, the membrane completely disappeared dur-

ing the 0.04-s interval separating successive video

frames. In inclined tubes, surface tension main-

tained the membrane perpendicular to the tube

wall (Fig. 6c) and the membrane gradually moved

Fig. 6. Sketches of slug arrival and ensuing burst at the liq-

uid surface. (a) Typical processes observed during the burst

of a slug in a 0.001-Pa-s liquid. (b) Processes observed in a

0.9-Pa-s liquid. Due to increased liquid viscosity, liquid

drainage from the region in front of the slug is slowed. This

produces a more pronounced protruding nose as the slug

reaches the surface compared to that seen in a 0.001-Pa-s liq-

uid. (c) Same as (b) for a tube inclined at 40‡. Di¡erences

between 0.9- and 0.001-Pa-s liquids are similar to those ob-

served in vertical tubes. Lower viscosities enhance drainage

from the front of the slug. The inclination of the membrane

(compared with the horizontal membrane produced in verti-

cal tubes) also enhances membrane drainage and reduces its

lifespan.

VOLGEO 2669 20-11-03

M.R. James et al. / Journal of Volcanology and Geothermal Research 129 (2004) 61^82 69



upward as the liquid drained past the body of the

slug. The membrane inclination enhanced £uid

drainage from it so that full-tube width mem-

branes were seldom observed in inclined tubes.

Fig. 8. Pressure changes measured at the base of the experi-

mental tube (at transducer ASG 1 located V2 m below the

liquid surface) during the bursting of gas slugs. The data are

shown for di¡erent liquid viscosities and tube inclinations.

Each trace has been o¡set vertically and horizontally for

clarity. The arrival of the slug at the surface coincides with

the step-like pressure increase in each trace. The shapes of

the pressure signals induced as the slug reaches the surface,

range from smooth large-amplitude pressure increases in ver-

tical tubes and high-viscosity liquids (due to the gradual

slumping of the liquid coating the walls of the tube), to

sharp smaller-amplitude pressure spikes in inclined tubes and

low-viscosity liquids (due to the termination of dynamic pro-

cesses). (b) Maximum amplitude of the sub-static pressure

measured at ASG 1 (i.e. the di¡erence between the pressure

recorded just prior to the slug arriving at the surface and the

pressure recorded at the end of the experiment), plotted for

a range of tube angles and three liquid viscosities.

Fig. 7. Pressure changes measured near the liquid surface

during the bursting of a slug. The pressure (163PC, left-hand

axis) and microphone data (black, horizontal trace, centred

on 0 Pa in the right-hand scale) are shown together with vid-

eo observations for slugs bursting in 0.001-Pa-s (a) and 0.9-

Pa-s (b) liquids. Representative frequencies are labelled, in-

cluding frequencies near 100 Hz associated with longitudinal

wave resonance of the air column in the open end of the ex-

perimental tube. Ticks on the top horizontal axis mark the

timing of individual video frames. In (a), the frequencies of

pressure oscillations detected by transducers 163PC 1 (black

trace) and 163PC 2 (grey trace) are observed to increase as

the slug reaches the surface (see also Fig. 5b). The oscilla-

tions are detected by the microphone as they approach its

sensitivity range and the air column is stimulated into reso-

nance. The sudden onset of frequencies s 500 Hz is attrib-

uted to the production and oscillation of a membrane at the

surface. The second burst of acoustic energy is attributed to

£uid sloshing at the base of the bubble after the membrane

has burst. No oscillations are observed in the more viscous

£uid in (b). The small steps in the 163PC data in (b) are be-

lieved to represent the bursting of the bubble. These steps al-

ways appear within V80 ms prior to the last observation of

the top membrane.
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Pressure oscillations were detected by the mi-

crophone and 163PC sensors during the genera-

tion and destruction of the membrane. Oscillation

amplitudes were largest in low-viscosity liquids,

and appeared to be heavily damped in higher-vis-

cosity liquids. Fig. 7a shows the 163PC and mi-

crophone data recorded during a slug burst in a

vertical tube ¢lled with a 0.001-Pa-s viscosity liq-

uid. The low-frequency oscillations discussed in

the previous section can be observed in the

163PC data as the slug nose approaches the sur-

face. The oscillation frequency increases up to

about 100 Hz as a domed membrane brie£y forms

and oscillations begin to be picked up by the mi-

crophone. As the membrane £attens, the micro-

phone picks up higher frequencies in the range

540^680 Hz attributed to oscillations of the mem-

brane itself. These higher frequencies, however,

were often swamped by stronger signals with fre-

quencies near 100 Hz (Fig. 7a) attributed to

acoustic resonance of the air column in the open

end of the tube. No oscillations were detected in

a similar experiment carried out with a 0.9-Pa-s

liquid (Fig. 7b), suggesting an overdamped sys-

tem.

The steps in the 163PC data in Fig. 7b are

believed to be related to the bursting of the mem-

brane. In experiments carried out with dyed water

to increase the visibility of the liquid, the pressure

steps always occurred within the two frames (0.08

s) preceding the observed disappearance of the

meniscus ring surrounding the membrane. Ac-

cordingly, we interpret the pressure drop as result-

ing from the initial bursting of the membrane,

which releases the small surface tension pressure

remaining in the expanded slug. The time delay

before the disappearance of the meniscus ring

therefore re£ects the time required to completely

collapse the membrane and drain the meniscus

ring. In experiments with water in vertical tubes,

the pressure steps ranged between 5 and 7 Pa,

close to the 7-Pa excess pressure calculated for a

£at bubble top surface pulled downward by sur-

face tension. Smaller pressure steps were mea-

sured in experiments conducted with water in in-

clined tubes (near 4 Pa in a tube inclined at 45‡)

Fig. 9. Examples of £ow regimes observed during continuously supplied two-phase £ow. (a) Bubbly £ow. (b) Transitional £ow.

(c) Slug £ow. The images are obtained at di¡erent magni¢cations, but each represents a view of the same tube with external di-

ameter of 4 cm.
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and larger steps were observed for higher-viscosity

liquids (V18 Pa in a 0.9-Pa-s liquid), suggesting

that there may also be a pressure contribution due

to the non-negligible mass of liquid in the mem-

brane. If this is assumed to account for V11 Pa

in the 0.9-Pa-s liquid, then the implied membrane

thickness would be V1 mm, a reasonable value

for a liquid with this viscosity.

Pressure changes were also recorded by the

ASG sensors along the tube during the bursting

of slugs at the liquid surface (Fig. 2a,c), with the

sharp onset of the pressure increases coinciding

with the nose of the slug arriving at the surface

of the liquid. The shape of the pressure signal was

observed to vary with both liquid viscosity and

tube angle. The pressure signals (Fig. 8a) range

from a large-magnitude, smoothly increasing pres-

sure in high-viscosity liquids in vertical tubes, to

relatively smaller, sharp pulses in low-viscosity

liquids in inclined tubes. The diversity of pressure

waveforms between these extremes is illustrated in

the middle panel of Fig. 8a for a range of tube

inclinations and ¢xed liquid viscosity of 0.09 Pa s.

In all experiments, a sub-static pressure was re-

corded during slug ascent, followed by a return to

hydrostatic pressure after the slug had burst. The

maximum magnitudes of the sub-static pressures

recorded are shown in Fig. 8b.

The large magnitudes of the pressure changes

observed in high-viscosity liquids in vertical tubes

re£ect the relative importance of dynamic losses

in the liquid ¢lm around the gas slug as it ascends.

The high liquid viscosity also prevents rapid

drainage of this ¢lm, resulting in a slow and

smooth pressure increase after the slug burst

(Figs. 2a,c and 8a). In inclined tubes, the gas

slug is concentrated against the upper wall of

the tube, e¡ectively increasing the thickness of

the liquid ¢lm which £ows past below the slug.

As a result, dynamic losses due to the liquid vis-

cosity are decreased in this region of £ow (due to

decreased liquid velocities) and drainage after the

slug burst is more rapid. This accounts for the

smaller magnitudes and decreased durations of

the pressure increases observed in a 0.9-Pa-s liq-

uid in a tube inclined at 40‡ (Fig. 8a).

Only a very small overall pressure increase is

observed in low-viscosity liquids. This minimal

increase re£ects the small dynamic losses due to

viscosity in the £owing liquid. Superimposed on

this increase, however, is a V400-Pa pressure

pulse, which exceeds hydrostatic pressure and

therefore cannot be the result of a static e¡ect.

We interpret this pulse as re£ecting the sudden

collapse of the liquid velocity ¢eld in front of

the slug upon its arrival at the surface of the liq-

uid. During slug ascent, volume conservation re-

quires that the liquid immediately ahead of the

slug must accelerate downward to £ow past the

slug. This annular liquid ¢lm must then decelerate

Fig. 10. Results of gas-volume fraction measurements carried

out during continuous gas supply experiments. (a) Gas-vol-

ume fractions measured over a range of tube inclinations for

liquid viscosities of 0.001 and 0.09 Pa s. (b) Data from simi-

lar experiments carried out with a coarser bubbler. Di¡erent

£ow regimes are indicated by dashed lines (bubbly £ow),

dotted lines (transitional £ow), and bold lines (slug £ow).

The open symbols show the overall results obtained when a

surface foam layer is present and is included in the gas-vol-

ume fraction calculation. The foam is taken into account by

adding the thickness of foam to the height of the liquid sur-

face measured during the £ow.
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back to stationary below the slug. For a slug with

ascent velocity U and radius rs, the volume £ux is

Zrs
2U, corresponding to a downwards £owing liq-

uid mass £ux of bZrs
2U. If the slug occupies

V90% of the cross-sectional area of the tube,

the liquid ¢lm must accelerate up to 10U, e¡ec-

tively inducing a reaction force of 10bZrs
2U2

(mass £uxUvelocity change) on the stationary liq-

uid above the slug.

To decelerate this liquid back to stationary, a

force with the same magnitude but opposite direc-

tion is required. Neglecting viscous dissipation

and considering only liquid inertia, the down-

ward-£owing annular ¢lm exerts this force on

the stationary liquid below the slug. During slug

ascent, these equal and opposite forces above and

below the slug cancel each other out, however,

when the slug reaches the surface, the force above

the slug disappears shortly before the force decel-

erating the liquid below the slug. Over the cross-

sectional area of the tube this translates into a

pressure pulse with magnitude 40bU2(rs/D)
2. For

water (1000 kg m33) and a slug velocity of V0.2

m s31, this yields 360 Pa.

We believe that the agreement between this es-

timate and the data shown in Fig. 8a provides

strong support for the viability of such mecha-

nism in the generation of the super-static pressure

spikes recorded at the arrival of inertial slugs at

the liquid surface. The only other process capable

of generating pressures larger than static is the jet

recoil from the bursting slug. However, the super-

static pressures measured in the slugs were ob-

served to be small (Fig. 7), indicating that jet

recoil has a negligible e¡ect in our experiments.

4. Experiments with a continuous supply of gas

Experiments in which gas was supplied contin-

Fig. 11. ASG and microphone data recorded during continuous gas supply experiments with water (0.001 Pa s). (a) Vertical

tube. (b) Tube inclined at 40‡. Ramps in the ASG data indicate the approach and passage of gas slugs past the sensors.
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uously to the base of the liquid column were only

carried out with two di¡erent solutions, namely

tap water (0.001 Pa s) and a sugar solution with

a viscosity of 0.09 Pa s. At higher viscosities, the

bubblers used could not produce small dispersed

bubbles, but generated only large, slug-like bub-

bles. Therefore, the transition between bubbly and

slug £ow was not investigated in the 0.9-Pa-s so-

lution with the apparatus available for these ex-

periments.

4.1. Flow regimes

A series of experiments were carried out over a

range of tube inclinations and gas-supply rates to

investigate the dependence of £ow regime and

average gas-volume fraction on these parameters.

An average gas-volume fraction was calculated

from the average height of the liquid surface mea-

sured during two-phase £ow compared to the

height of the liquid surface measured during

zero gas £ux. Bubbly, transitional, and slug £ow

regimes were observed over a range of gas £uxes

of 0.3^5 l min31 (either measured at, or calibrated

to atmospheric pressure). These regimes were

identi¢ed by visual observation and typical exam-

ples are illustrated in Fig. 9. The bubbly regime is

characterised by small, well dispersed ascending

bubbles with a relatively narrow size distribution

(Fig. 9a). The transitional regime is marked by

the appearance of bubble clusters and consider-

ably larger bubbles resulting from coalescence of

smaller bubbles (Fig. 9b). In other studies, the

onset of the transitional regime has been identi¢ed

by the presence of a bimodal bubble size distribu-

tion suggestive of bubble coalescence (Krussen-

berg et al., 2000). The slug £ow regime is charac-

terised by larger bubbles with diameters similar to

Fig. 12. ASG and microphone data recorded during continuous gas supply experiments with a sugar solution (0.09 Pa s). (a) Ver-

tical tube. (b) Tube inclined at 40‡. The time delays (6 0.5 s) between individual peaks in the sawtooth signals recorded by ASG

6 and the corresponding onsets of acoustic signals recorded by the microphone are measures of the times taken by the noses of

individual slugs to travel from the depth of ASG 6 to the surface of the liquid.
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that of the con¢ning tube. These bubbles are lon-

ger than they are wide (Fig. 9c).

Fig. 10 shows the average gas-volume fraction

measured as a function of gas £ux and tube in-

clination. The gas-volume fraction decreases with

increasing tube inclination (Fig. 10a). The e¡ect is

stronger in a low-viscosity (0.001 Pa s) liquid than

for a higher-viscosity (0.09 Pa s) liquid. In these

experiments, the £ow regimes were dominantly

slug £ows, with some transitional and bubbly

£ows at the lowest gas £uxes. Fig. 10b shows

similar data for a 0.09-Pa-s sugar solution aerated

with a coarser ceramic bubbler to demonstrate

£ow regime transitions. The coarser bubbler

proved more e⁄cient at producing bubbles in

higher-viscosity liquids and in generating en-

hanced regions of bubbly £ow. Di¡erent £ow re-

gimes are indicated by the dashed, dotted, and

bold lines in Fig. 10b. The production of a foamy

head was also observed at some £ow rates (Fig.

10b). In our experiments, foam generation was a

result of bubbly £ow conditions and the foam

head was destroyed by the onset of transitional

and slug £ow and greatly reduced by tube incli-

nation. This behaviour is in contrast to the results

of Seyfried and Freundt (2000), who report a

gradual aeration of their liquid column during

slug £ow due to a down£ow of bubbles entrained

during slug burst.

4.2. Pressure measurements

Examples of ASG and microphone pressure re-

cordings obtained over a 20-s interval during con-

tinuous gas supply are shown in Fig. 11 for a

liquid viscosity of 0.001 Pa s and tube inclinations

of 0 and 40‡. Near the region of bubble genera-

tion, pressure changes are dominated by this pro-

cess, resulting in a relatively noisy and high-fre-

quency signal (see trace at ASG 1). The data

recorded at ASG 1 are relatively well correlated

with those recorded at ASG 2, but at ASG 3 and

higher up the £uid column most of this high-fre-

quency signal is gone. Pressure changes recorded

at ASG 3^5 are increasingly dominated by a saw-

tooth signal with upgoing ramps re£ecting the in-

creasing static pressures due to slug expansion

during slug ascent. The arrival of most (but not

all) of the slugs at the surface and their subse-

quent bursting is indicated by the microphone.

If the amplitude of pressure change at ASG 5

and 6 is viewed as a proxy for slug size, then

the acoustic energy released at bursting does not

appear to be well correlated with the slug size.

The pressure data collected in vertical and in-

clined tubes appear to be relatively similar, how-

ever, inclined tubes generated less acoustic energy

than vertical tubes.

Data collected during similar experiments with

a 0.09-Pa-s viscosity solution are shown in Fig.

Fig. 13. (a) ASG 6 (grey) and microphone (black) data re-

corded during a slug burst event in a continuous gas £ow ex-

periment. The increasing then decreasing pressure recorded

by ASG 6 is due to the increasing static pressure as the ex-

panding slug approaches the transducer, then decreasing stat-

ic pressure as the gas slug passes the transducer. The pres-

sure oscillations detected by the ASG 6 transducer as the

slug approaches the surface are considerably enhanced com-

pared to those measured during the ascent of single slugs.

(b) Microphone data magni¢ed to illustrate the quasi-mono-

chromatic characteristics of the signal with frequency near

120 Hz. This signal is consistent with longitudinal wave reso-

nance of the air column in the open end of the experimental

tube.
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12. The results are qualitatively similar to those

obtained in experiments with water (0.001 Pa s),

but display larger pressure variations. Speci¢cally,

the magnitudes of acoustic pressure changes are

up to three times larger than those observed dur-

ing the experiments with water. The higher-ampli-

tude ASG data indicate that the slugs are larger

and less frequent than in the 0.001-Pa-s liquid.

The number of slugs per unit time also depends

on the tube inclination. Over the 20-s interval, 27

slugs were observed in a 0.001-Pa-s liquid in a

vertical tube vs. 21 slugs for the same liquid in

a tube inclined at 40‡. In contrast, 22 slugs were

observed over the same interval in a 0.09-Pa-s

liquid in a vertical tube vs. 13 slugs for the

same liquid in a tube inclined at 40‡.

Fig. 13 shows the details of a slug burst in a

vertical tube ¢lled with a 0.09-Pa-s liquid. Fig.

13a shows data from ASG 6 and the microphone

during the slug burst near 16.5 s. The ASG 6 data

show pressure oscillations as the slug approaches

the surface. These oscillations are one order of

magnitude larger than those recorded during the

ascent of a single slug. This is interpreted to re-

£ect the continuous nature of the £ow, which gen-

erates many sources of oscillations and enhances

the stimulation of the resonant frequencies of the

ascending slugs. Similarly, the microphone data

(see detail in Fig. 13b) show much larger ampli-

tudes than observed in individual slugs. The oscil-

lation frequency near 120 Hz in Fig. 13b is con-

sistent with longitudinal acoustic resonance of the

air in the open end of the tube. Frequencies di-

rectly related to membrane oscillation were not

observed.

The continuous gas supply experiments show

sub-static pressures at the base of the tube similar

to those observed during single slug experiments.

The magnitudes of the pressure changes below

static were largest for viscous liquids in vertical

tubes aerated with high gas £uxes (V1.5 kPa in

a 0.09-Pa-s liquid aerated with a gas £ux of 5 l

min31) and decreased with increasing tube incli-

nation (V700 Pa in a 0.09-Pa-s liquid aerated

with a gas £ux of 5 l min31 in a tube inclined

at 40‡), decreasing gas £ux (V350 Pa in a 0.09-

Pa-s liquid aerated with a gas £ux of 1 l min31 in

a vertical tube), and decreasing liquid viscosity

(V240 Pa in a 0.001-Pa-s liquid aerated with a

gas £ux of 5 l min31in a vertical tube).

5. Discussion

Our experiments demonstrate the importance of

tube inclination in promoting bubble coalescence

and hence slug formation by locally enhancing the

gas-volume fraction on the upper wall of the tube.

For any reasonably long conduit, only very small

angles of inclination could therefore result in tran-

sitional, if not slug, £ow. Once a large bubble is

produced, its increased ascent velocity will allow

it to continue to grow by enhanced coalescence.

Even in situations with multiple rising slugs of

similar sizes, it has been demonstrated that slugs

continue to coalesce if their separation distance is

less than 10^20D (Pinto and Campos, 1996; Po-

lonsky et al., 1999a).

The inclined conduit imaged at Stromboli vol-

cano (Chouet et al., 2002) could thus e¡ectively

control the production of gas slugs by enhanced

coalescence rather than by the collapse of foam

rafts. The slugs generated in this manner will rise

more rapidly and are likely to be larger than those

expected in vertical conduits. For a conduit in-

clined at 30‡, slug ascent velocity is likely to be

increased byV40%. Taking this velocity increase

into account may help reconcile di¡erences be-

tween previously calculated slug ascent velocities

and those determined from infrasonic data (Ri-

pepe et al., 2001). The pressure data in Fig. 8

also suggest that tube inclination enhances inertial

e¡ects in single-slug £ows. By concentrating the

slug on the upper conduit wall and increasing the

thickness of the downward-£owing liquid ¢lm,

tube inclination reduces dynamic losses due to

viscosity within this back£ow. Consequently,

slugs ascending inclined tubes should be less sus-

ceptible to factors such as wall roughness.

The £ow regime produced may have further

consequences than simply determining the size

of bubbles bursting at the surface. The ascent of

small bubbles is signi¢cantly less e⁄cient at liquid

mixing than the ascent of slugs. In a magma, this

could allow su⁄cient cooling of the top surface to

form a carapace. Slug £ow is also more e⁄cient at
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disrupting the surface, as demonstrated during

some of the continuous supply experiments in

which foam layers, having accumulated during

bubbly £ow, were destroyed when the £ow regime

was changed to slug £ow. Liquid mixing by slug

ascent is particularly enhanced in inclined con-

duits, where a complete circulatory system can

be observed, with the liquid near the lower surface

of the conduit being drawn downwards. It is

therefore possible that inclined conduits favour

typical Strombolian-type activity, whereas a

nearly vertical conduit might periodically induce

more violent explosions caused by the disruption

of a cool carapace or a foam layer with a signi¢-

cant yield strength. In essence, conduit inclination

should be considered as having the potential for

considerable control over eruptive style.

5.1. Forces and pressure changes

The pressure £uctuations recorded during the

ascent of individual gas slugs include contribu-

tions from both static and dynamic processes.

The production of gas slugs at basaltic volcanoes

is frequently ascribed to the collapse of an accu-

mulating foam layer (Jaupart and Vergniolle,

1989; Chouet et al., 1997; Ripepe and Gordeev,

1999). Combining the pressure changes caused by

foam layer collapse with our data may account

for the process believed to be responsible for

VLP seismic data at Stromboli (Chouet et al.,

2002).

Numerical investigations of foam collapse as a

possible seismic source at Stromboli were previ-

ously carried out by Ripepe and Gordeev (1999).

Considering only static e¡ects, Ripepe and Gor-

deev (1999) concluded that pressure changes

would only be small (V80^800 Pa) for ‘free coa-

lescence’ of bubbles in basaltic systems. However,

Chouet et al. (2002) demonstrated the possibility

of generating much larger pressure changes (up to

106 Pa) if dynamic e¡ects of bubble growth are

also accounted for.

If signi¢cant super-static pressures can be gen-

erated, VLP seismic signals may be related to the

whole-scale translational motion of the liquid col-

umn on top of the slug. As the gas expands in

order to adjust to static pressure, a downward-

directed single force is initially produced as a re-

action force to the upward accelerating mass of

liquid displaced by the piston-like action of the

slug (Takei and Kumazawa, 1994). As the slug

starts to accelerates upwards, magma must also

accelerate downward to ¢ll the void left by the

escaping gas. The downward acceleration of the

liquid ¢lm which is produced around the slug

generates a reaction force in the form of an up-

ward-directed single force. When the slug reaches

the surface, this latter force is reversed as the

downward-£owing liquid mass in the ¢lm is decel-

erated and a single downward force is exerted.

This process was described from the viewpoint

of accelerating and decelerating liquid on the

side of the ascending slug in Section 3.4 and is

believed to be responsible for the pressure pulses

recorded during the bursting of slugs in low-vis-

cosity liquids (see lower panel in Fig. 8a).

As the slug rises, the viscosity of the down-

£owing magma exerts a shear stress on the con-

duit walls. This viscous drag is responsible for the

generation of the sub-static pressures measured

below the slug in our experiments (Figs. 2c and

8b). A simple way to envisage this process is to

assume that a section of the liquid ¢lm £owing

past the bubble essentially goes into free fall and

reaches its terminal velocity as determined by the

wall friction and liquid viscosity (Wallis, 1969).

This volume of liquid in the shape of an annular

¢lm of ‘equilibrium’ thickness, is supported by the

tube wall (Brown, 1965) and exerts a downward

force on it, due to its mass. This liquid mass is

thus e¡ectively removed from the measured hy-

drostatic head, and results in the sub-static pres-

sures measured below the slug. Even if the liquid

in the down-£owing ¢lm around the slug never

reaches its terminal velocity, this mechanism still

applies because of the shear stress exerted by the

£owing liquid on the walls of the tube.

An accurate assessment of the magnitude of

this pressure drop requires a calculation of the

full £ow ¢eld around the slug. Such calculation

is beyond the scope of the present study, which is

limited to a simpli¢ed extrapolation of our results

to parameters consistent with a basaltic system.

The mass of the liquid ¢lm may be estimated

under the assumption that the pressure drop is
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due to a liquid ¢lm of ‘equilibrium’ thickness that

is present over the entire length of the slug. This

assumption neglects the non-uniform thickness of

the ¢lm and also disregards the fact that the ¢lm

is not fully supported by the wall. However, these

are opposing factors whose e¡ects tend to cancel

each other out and become less important with

increasing slug lengths. Brown (1965) gave an

equation for the equilibrium thickness, N0, of the
¢lm in a vertical tube as:

N 0 ¼
31þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ND
p

N
ð5Þ

where:

N ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

14:5
b 2g

W 2
3

s

ð6Þ

For the liquid viscosities considered in our experi-

ments (0.9, 0.09 and 0.001 Pa s), this yields N0 =6,
3, and 0.8 mm, respectively. Using these values of

N0 and assuming a 0.2-m-long slug, the decreases
in hydrostatic pressure associated with the remov-

al of this liquid from the static head are 1700, 830

and 170 Pa. Although Eq. 5 was developed from

equations for inertial slugs, adjusted to account

for viscous e¡ects within a laminar, down-£owing

¢lm (Brown, 1965), conditions that are not all met

in our experiments, these estimates are in reason-

able agreement with the measured values of 1800,

1100 and 130 Pa in Fig. 8b. For a basaltic system

with D=2 m, W=400 Pa s and b=2600 kg m33

(Vergniolle and Brandeis, 1996), a liquid ¢lm with

thickness of 0.3 m is calculated which, for a 10-m-

long slug, implies a mass of 5U104 kg, yielding a

pressure drop on the order of 100 kPa. Accord-

ingly, during slug ascent, the ‘source’ region

would experience a sub-static pressure of V100

kPa and the conduit walls would experience a

downward force of V5U105 N. Although the

magnitudes of these pressures and forces are two

and three orders of magnitude less than those

required to interpret seismic data from Stromboli

(Chouet et al., 2002), the crude nature of our

calculations suggests that their importance should

not necessarily be discounted.

As shown in Fig. 8, pressure changes triggered

by the bursting of the gas slug at the surface de-

pend on the inclination of the conduit, and may

vary from a gradual increase of pressure back to

hydrostatic to a sharp pressure pulse larger than

static. Such variations may be considered to re-

£ect slug dynamics ranging from inertial behav-

iour (small sub-static pressures during slug ascent

and a super-static pressure pulse during bursting)

to viscous behaviour (large-magnitude sub-static

pressures during slug ascent and no super-static

pressure pulse on bursting). The pressure changes

indicative of inertial behaviour are thought to be

present in the data of Ripepe et al. (2001), who

produced gas slugs from foam collapse (see ¢g. 12

in Ripepe et al., 2001). If a basaltic system pro-

duces slugs that are dominantly inertially-con-

trolled, then the magnitude of the pressure pulse

generated upon the arrival of a slug at the surface

is likely to be on the order of 104 to 105 Pa

(bW2600 kg m33 and 0.66U6 2 m s31 ; Section

3.4). However, this is also likely to be combined

with another pulse due to the jet recoil force (Ka-

namori et al., 1984; Chouet et al., 1997) due to a

dynamically-produced super-static pressure in the

slug.

5.2. Pressure oscillations

Seismic and acoustic data from basaltic volca-

noes display a range of characteristic periods as-

sociated with the source process (e.g. Chouet,

1996; Chouet et al., 2002). During our experi-

ments, pressure oscillations (Table 2) were gener-

Table 2

Pressure oscillations recorded

Source Observed frequency Duration

Turbulent £ow in the slug wake V19 Hz duration of slug ascent

Longitudinal oscillations of the slug as it approaches the surface V12 to 30 Hz 6 1 s

Bubble membrane oscillation V540 to 680 Hz 6 100 ms

Longitudinal resonance of the air column above the liquid V100 to 120 Hz exponential decay lasting up to V1 s.
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ated during slug release (Fig. 2b), in the slug wake

(Fig. 3), as slugs approached the surface (Fig. 5),

and during and after slugs burst at the surface

(Figs. 7 and 13). Vergniolle et al. (1996) consid-

ered several di¡erent modes of gas slug oscillation

to account for acoustic data recorded during ex-

plosions at Stromboli. One of the modes they

considered is the longitudinal oscillation of an

ascending slug in a tube. The oscillation frequen-

cies observed in our experiments are consistent

with longitudinal oscillations of slugs under atmo-

spheric pressure as the slug approaches the sur-

face of the liquid. This process e¡ectively repre-

sents the ‘bouncing’ of the liquid column on top

of a gas spring, with frequency given by (Ver-

gniolle et al., 1996):

f L ¼ 1

2Z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Q Pg

bLeqH l

s

ð7Þ

where Q is the ratio of speci¢c heats of the gas
(Q=1.3 for air), Leq is the equilibrium bubble

length, Hl is the depth of the slug in the liquid,

and Pg is the gas pressure in the slug. For slugs

under atmospheric pressure and with equilibrium

lengths of 8 and 24 cm, released under water col-

umns 2 m in height, our measured oscillation fre-

quencies are 4.7 and 2.8 Hz, in close agreement

with the values of 5.0 and 2.9 Hz calculated with

Eq. 7. These oscillations (Fig. 2b) display peak-to-

peak amplitudes of up to 45 kPa, which are three

orders of magnitude larger than the change in

static pressure expected if compression of the

gas slug is calculated without consideration of

the dynamic terms. Dynamic pressures were also

observed below the bubble (at ASG 1 in Fig. 2b),

where static pressure does not change after the

release of the slug. This type of oscillation could

be induced in a basaltic system due to foam col-

lapse and would greatly enhance pressure changes

associated with this process.

The increasing frequency of oscillations ob-

served as slugs approach the surface can also be

modelled as longitudinal bubble oscillations. The

white line in the spectrogram in Fig. 5b represents

the frequency calculated from Eq. 7 assuming a

bubble length of 0.22 m, an ascent velocity 0.2 m

s31, and an arrival time at the surface of 13.79 s

(taken from the video data). Given that Eq. 7

does not account for the domed top of the slug

which, at shallow depths, will be of similar size to

the head of liquid above it, the calculated results

are in remarkable agreement with the data. These

oscillations are observable for V0.7 s before the

slug bursts, representing a distance of V4D. Pre-

vious work suggested that the local liquid velocity

¢eld in front of a slug extends no further than D

in front of the nose, and is probably con¢ned

within a scale closer to 0.5D (Polonsky et al.,

1999b; Bugg and Saad, 2002). Therefore, it seems

unlikely that these oscillations are being triggered

by the interaction of the liquid velocity ¢eld with

the liquid surface. It is more probable that they

become detectable as their amplitude increases

due to the decreasing mass of oscillating water

above the slug.

Vergniolle et al. (1996) also suggested that dif-

ferent frequencies within their acoustic data might

be accounted for by shape oscillations of a bubble

nose, vibrations of the bubble membrane pro-

duced at the surface, and kinematic waves in the

draining £uid ¢lms after the bubble has burst.

During our experiments with single gas slugs we

did not detect any shape oscillations of bubble

noses, although extreme shape distortions were

observed during the continuous gas supply experi-

ments due to turbulence in the liquid the slugs

were passing through. Single slugs did demon-

strate membrane oscillations and kinematic waves

in the draining ¢lm, although no recorded pres-

sure signals can be ascribed to the kinematic

waves.

The membrane oscillations considered by Ver-

gniolle et al. (1996) (their ‘bubble oscillation

mode’) were radial movements of a domed mem-

brane allowed to move across a liquid surface.

However, in the experiments described here, mem-

branes were bounded by the tube and are there-

fore considered as ‘drum skins’ rather than as

oscillating bubbles. The frequency, fm, of the fun-

damental axial mode of oscillation for this geom-

etry is given by (Morse and Ingard, 1968):

f m ¼ 0:38274
1

a

ffiffiffiffiffiffi

T

b s

r

ð8Þ

where T is the tension force per unit length of
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edge, bs is the surface mass density, and a (0.019

m) is the membrane radius. The membranes pro-

duced by slugs are bounded by an upper and low-

er interfacial surface, hence T=2c, and the fre-
quencies ascribed to their oscillation range

between V540 and 680 Hz. De¢ning the surface

mass density as btm, where tm is the membrane

thickness, and using b=1000 kg m33 and

c=0.07 N m31 for water, we obtain from Eq. 8

membrane thicknesses of 200 and 120 nm for the

frequencies of 540 and 680 Hz, respectively. These

values are small but not unreasonable for bubble

membrane thicknesses, and we interpret these fre-

quencies as being due to this fundamental axial

oscillation mode. However, in many experiments

these oscillations were swamped by those associ-

ated with tube resonance (V100^120 Hz, depend-

ing on the exact con¢guration of the tube and the

liquid level in it).

The ¢nal oscillatory source we consider is the

slug wake, during the passage of which pressure

oscillations with frequencies near 19 Hz were re-

corded in 0.001-Pa-s liquid (Fig. 3). At this vis-

cosity, the slugs rose with Reynolds numbers of

V8000, placing them well into the region of tur-

bulent wakes (Res 300) as de¢ned by Campos

and Guedes de Carvalho (1988). This is in agree-

ment with visual observations of the turbulent

slug wake, much of which was marked by a train

of entrained bubbles behind the slug. During

these experiments, the base of the slug was also

observed to constantly change shape in a sloshing

manner. Although we cannot attribute any pres-

sure changes to this process, Polonsky et al.

(1999a) showed that the amplitudes of pressure

£uctuations associated with such wakes increase

with slug length, and that the frequencies of pres-

sure £uctuations depend on slug length only for

bubbles shorter thanV10D. Slugs in some basal-

tic systems might be expected to rise with Reyn-

olds numbers s 300, so turbulent wakes may pro-

vide seismic sources or energy to stimulate

resonance of other parts of the system.

6. Summary

Pressure measurements carried out during the

ascent of gas slugs in liquid-¢lled tubes demon-

strate the importance of both static and dynamic

pressure changes. Conduit inclination promotes

bubble coalescence and the slug £ow regime in

two-phase £ow, increasing slug size and slug as-

cent velocity at the expense of the frequency of

occurrence of slugs as compared to identical gas

£uxes in vertical tubes. By concentrating gas on

the upper wall of the tube and increasing the

thickness of the liquid ¢lm £owing around the

lower surface of the slug, tube inclination e¡ec-

tively increases the importance of inertial over

viscous e¡ects within the £ow.

The ascent of bubbles and slugs provides a rich

source of pressure oscillations (Table 2). Di¡erent

frequencies are detected at di¡erent heights along

the £uid column in continuous gas-supplied £ow

experiments. Near the surface, pressure oscilla-

tions are dominated by changes in the static

head and by longitudinal oscillations of the gas

slugs. The frequency of the latter oscillations in-

creases as the slugs approach the surface.
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