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Mixing in axisymmetric gravity currents and
volcanic conduits

Peeradon Samasiri

The rst part of this thesis investigates the mixing of ambient uid into axisym-
metric high Reynolds number gravity currents. A series of lalvatory experiments
were conducted in which small scale gravity currents traveliealong a wedge shaped
channel with an increasing width in the downstream directionThe channel was lled
with fresh water and the current was generated using saline salon introduced either
by a rapid release of a known nite volume from behind a lock gator by pumping
at a constant rate into the apex of the channel. The distributia and evolution of the
density of the ow with distance downstream was measured using aht attenuation
technique. Additional experiments were performed by injéing parcels of dye in di er-
ent regions of the ow in order to visualise the motion of uid inand surrounding the
gravity current. Unlike currents introduced by the release o& nite volume of uid,
where most mixing occurs in the head of the ow, currents prodied from a steady
source develop a steady tail region behind the front which issa found to entrain a
signi cant amount of ambient uid. In both types of current, we estimate the fraction
of displaced ambient uid that is entrained into the ow. We then derive a new class
of self-similar solutions for gravity currents produced from anite volume release of
uid.

The second part of this thesis develops the experimental metthaf measuring
mixing using light attenuation to investigate the mixing of liquid in a vertical con-
duit which results from a continuous stream of high Reynolds mber gas bubbles.
The experiments identify that the mixing in the wake of the bibles leads to a net
dispersive transport along the conduit. The process provides axplanation for the
heat transfer within a volcanic conduit in the case of a gas-slugpw regime as occurs
in the near surface region of volcanic conduits connected torface lava lakes. We
derive a theoretical model to estimate the heat ux associated ith such a system
using the empirical law for the dispersive mixing. The predictéheat ux associated
with the bubbles is found to be comparable to the heat loss at ¢hsurface of lava
lakes associated with radiative and convective heat loss. Givealues for the gas ux,
the lake area and the temperature at the surface of the lake, é¢hmodel enables new
predictions for the size of the volcanic conduit.
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has the shape that resembles a Taylor bubble. Gas bubbles beesm
unstable with further increase in gas ux which characterise alrn ow
regime. At annular ow conditions, the uid may be dragged upvards

by the gas motion. . . . . .. . ... .. ... ... 24

Schematic diagram of the experimental tank, showing a topew and a
side view of the tank. Figure also illustrates the deptth of the current
at radius r, the maximum depth h,, the position of the nose of the
current r,, and the radius of the lock gatey,. . ... ......... 32



List of gures XiX

2.2

2.3

2.4

(a) Photographs of a saline gravity current illustrating tle evolution
of the buoyancy, shown by false-colour contours, as the currefrom

experiment H (Table 2.1) advances along the ume. Images ataken
at equal time intervals of 1.5s. The x-axis shows the position ithe
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(a) Photographs of a saline gravity current (exp. C) illustating the
evolution of the normalised buoyancy in the current, shown byafse-
colour contours, as it advances along the ume. Images are &k at

time intervgls of 1.25 s. Evolution of (b) the vertical integra of the
buoyancy, g%z, and (c) height, h, are shown as functions of radius
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Chapter 1
Introduction

This thesis contains an experimental study of two main problesin geophysical uid
dynamics: mixing in gravity currents and two-phase separatedow in a volcanic
conduit. We present a new set of laboratory experiments to quafy the mixing
process in axisymmetric gravity currents using a light attenu#on technique (as shown
in chapter 2 and 3). This provides a new understanding of the Idtion rate of the
currents as they mix with ambient uid. In chapter 4, we explae the mixing within a
volcanic conduit as a result of gas ow. This gives us a novelsight into the role of gas
slugs in transporting thermal energy up a volcanic conduit, wbh is relevant for the
long life of lava lakes and for open-vent volcanic systems suck @ccur at Stromboli
volcano.

1.1 Gravity currents

1.1.1 Motivation

Gravity currents, also known as buoyancy or density currents, ee when two uids
of di erent densities meet. The heavy uid spreads from its sowe below the less
dense uid, either generating a planar ow in a con ned channkor a radially spread-
ing ow in an uncon ned domain. Such ows consist of a head regio at the front
which displaces the ambient uid followed by a tail. Gravity arrents arise in many
environmental ows. Single-phase examples include an onshdreeeze initiated by
temperature di erences between the onshore and o shore air reses and the hypopy-
cnal ow arising when fresh river water enters the saline ocealsde Simpson, 1999).
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Fig. 1.1 Photos of (left) a snow avalanche (image from Scientif38 200 Wikipedia, 15
September 2017) and (right) turbidite deposit at Gorgoglione Flysch, South Italy (image
from Geologist 2004, Wikipedia, 15 September 2017).

Multiphase gravity currents may include immiscible uids of derent densities
such as in the case of oil spreading on a water surface (Hoult, 197@xher geological
problems concern systems in which the excess density of the uid provided by
suspended particles. The mixture of interstitial uid and particles has higher bulk
density than the density of the surrounding ambient uid. The mkture may have
locally uniform properties if the volume fraction of solid issmall and the particles
are well-mixed within the uid, as is the case for turbulent ows. Due to its high
bulk density, such systems can create gravity currents even thghi the interstitial and
the ambient uid may have the same density. Examples of such a systeim nature
include volcanic ash ows, turbidity currents in the ocean or sow avalanches ( gure
1.1a). Pyroclastic ows are formed as a result of the collapse ofwlcanic plume,
following an explosive volcanic eruption. The mixture of hogas and ash provides
excess buoyancy compared to the surrounding air which drivesharizontal ow (see
Dufek, 2016; Rocheet al., 2013). The ow can propagate over long distances and cause
destruction along its path such as happened to Pompeii durindgné eruption of Mount
Vesuvius in 79AD. Similarly, turbidity currents, formed as a mkture of submarine
sediment and water, can propagate many tens of kilometres alpa sea oor and are
believed to be the main contributor to sediment transport froma continental shelf
to the abyssal plain (Kneller & Buckee, 2000; Meiburg & Kneller2010). Turbidity
currents triggered by the 1929 Grand Banks Earthquake were sgonsible for the
famous breakage of sub-marine cables (Pipet al., 1988). The deposits from these
sediments (gure 1.1b) are important host rocks for oil reseris worldwide. As
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a result, understanding the mechanisms of sedimentation and thldynamics of the
parental ows have become key research topics for the hydraban industry. Snow
avalanches, triggered by failure in the snowpack, can be damges and destructive. It
has also been argued that global warming has contributed to ancrease in damage
caused by the ows (Ancey & Bain, 2015) and understanding the sciee of such ows
may be useful in mitigating the associated risks.

1.1.2 Modelling gravity currents
Dimensional analysis

If there is a density di erence, , between two uids, the buoyancy, also known as
reduced gravity, is denoted by

=g = (1.1)
whereg and , are the gravitational acceleration and a reference densityespectively.
For ows with high Reynolds number, dimensional analysis sugges that the front
velocity, dr,=dt, can be described as being proportional to the square root ofeth
product of this reduced gravity and the height of the currenth. The proportionality

of this expression is commonly known as the Froude numbéry, and can be expressed
as

dr,

q_—
v Fr gh: (1.2)

This is often interpreted as the relative importance betwee buoyancy and inertia.
For Re >> 1, we require thatFr(gh)?h= >> 1, whereh is the depth and is the
kinematic viscosity of the ow. The theoretical value ofFr for inviscid ows in a deep
ambient was determined to bepi (Benjamin, 1968). In the case that the ambient
uid has a nite depth, Huppert & Simpson (1980) proposed an empical relation for
Fr as a function of the ratio between the depth of the current hehand the ambient
depth, which can be written as

Wl

, h
: — <
if 0:075 v l:

I=

Fr = (1.3)

W AW 00
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h
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Integral models

Early attempts to describe the dynamics of gravity currents assned that the current

has no mixing with the ambient uid. As a result, the volume of tre current and the

density di erence between the current and the ambient uid renain constant as the
current evolves. The concept is widely used in box models in whithe evolution of

the gravity current is viewed as an equal-area transformatioof a rectangular shape
with time. For axisymmetric gravity currents, the transformation of a cylinder is

considered instead. The models can be used to estimate the froatdtion and the

height of the currents but the detailed shape cannot be captad by this approach.

Two-dimensional gravity currents

Using a rectangular tank, we rst consider gravity currents whib are produced
following the release of a nite volume dense uid behind a lockf known size A =
Xoho. At time t the current may propagate a horizontal distancex,(t), and have the
height, h(t). If there is no mixing taking place between the current andhie ambient
uid, the product of these two length scales must be constant at bklime and, therefore,
A = Xoho = x,h. Substituting this into the equation (1.2) we obtain the reldion

S
dx, _ gA
g - o~ (1.4)

which can be integrated using the empirical estimate fdfr (equation 1.3). Just after
the lock release, equation 1.3 suggests the dependencyFof on the depth of the
current, h, as it is comparable to the ambient depth. As the current propages, h,
gradually decreases until it reaches the point where,=H < 0:075, at which point,
Fr becomes constant. The results from the integration of these twaiages can be
considered separately to give the frontal location as a funom of time which can be
expressed as

S 7 7 1 %

§x8+—(g‘3AH2)6t for xo Xn Xs=
. = 12
"3

2 ) ;

3 3 3
X§ + éFr (QPA) (t  ts) for xs X
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wheretg is the time at which x,, = Xs, the horizontal distance at which the transition
occurs. At large time, this can be approximated as

2
Xn zFr(goAt) fort tg (1.6)

Axisymmetric gravity currents

The box model for axisymmetric gravity currents can be derivk by considering
dense uid that is released from a cylindrical container. Theaume of the dense uid
can be calculated from the volume of the cylindel = r 2h, = r,h, given that r, is
the radius of the cylinder. By comparison with equation (1.2)the speed of the front
of axisymmetric non-mixing gravity currents can be written a

M N
g%V

drn, _ f _
o 7 (1.7)

Following the same approach as before, the frontal locatiorf these currents can
be expressed as

80

. 13
4
E@rgw

|
2 gBvH2 ® ° Y
gy tA forro rn rg=

o
_% r2+2Fr >— (t tg) forre rp

wherets is the time at whichr, = rg. At large time, this can be approximated as

I

M (2Fr)% ﬂ tzfor t ts: (1.9)

One may substituteFr=1.19 into equations (1.5), (1.6), (1.8) and (1.9), as suggexi
by Huppert & Simpson (1980). This model is in agreement with thecaling model
proposed by Hoult (1972) based on experimental observations.

Assuming that the entrainment is negligible, the buoyancy and alume of the
current remains constant over time. However, experiments hashown that the density
and volume of gravity currents change signi cantly with time due to entrainment.
Nonetheless, the box models can still provide a reliable estimdte the frontal location
of the gravity currents. This might be because of the fact that he expression in
equations (1.6) and (1.9) appears as the product of buoyan@nd volume of the
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currents, i.e. the total buoyancy, which is a conserved quatyi Entrainment causes
a reduction in reduced gravity, due to dilution, but, in the nmeantime, the volume of
the current increases as ambient uid is mixed into the ow.

Shallow water model

A more complex model put forward to describe the dynamics of ayity currents are
the shallow-water, or depth-averaged models. The shallow watequations assume
that the vertical length scale is insigni cant compared to thehorizontal length scale of
the ow; hence, the ow is described in terms of vertically aveaged quantities. As the
ow spreads out, the aspect ratio,h=x, (or h=r, in axisymmetric currents), becomes
very small even if the current was released from a lock of a verygh aspect ratio.
The shallow water equations provide a set of depth-averageduagions that describe
the height and horizontal velocity of the ow as a function ofhorizontal position and
time.

Rottman & Simpson (1983) rst applied the shallow water approxmnation to con-
ventional saline gravity currents. The models were later exteled to sediment-laden
currents by Bonnecazeet al. (1995). The shallow-water approach assumes the ow
is purely driven by inertia while vertical accelerations a negligible. In addition, the
current is assumed to be highly turbulent and well mixed. This mans that the sus-
pended particles within the current have uniform volume fretion across the depth of
the current. This approximation holds for ne sediments whib can be suspended but
becomes less accurate in the case of sediments with a coarsemgsae.

A simple version of this shallow-water model called the singlayler system assumes
further that the depth of current is much shallower than the deth of the overlaying
ambient uid and thus is not a ected by it. However, when the anbient uid is not
su ciently deep, the motions of the overlying ambient may in uence the ow of the
gravity current. In this case, a more complicated system, the wvlayer system, is
applied instead.

Considering the single-layer system, where the depth of the arebt uid is as-
sumed to be in nite, the depth-averaged continuity equationand the horizontal mo-
mentum equation can be written as

g:‘ @g? = 0; (1.10a)
@u @u o@h_

at u@X g@x 0: (1.10Db)
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q_

The Froude number condition at the front, &, = Fr g%y, is applied at the front
location, x;, wherehs is the height of the current near the front. The equivalent set
of equations for axisymmetric currents are

@h, 1@uh) _
o @t =0: (1.11a)
@u @u @h_
@t+ u@r+ g @r 0: (1.11b)
In order to solve this system, we may apply the initial condition
8
2hey 0 X Xo
h(x;t =0)= (1.12)
- 0; Xo X

together with the no- ow boundary condition at x = 0:

gg}zo =0; and (1.13)
uix=0;t)=0: (1.14)

These conditions are also the same in the axisymmeric case excemttthey are
applied atr = 0 rather than x = 0. The solution of these partial di erential equations
was rst demonstrated by (Hoult, 1972). The equations admit simarity solutions in
terms of a similarity variable, given by

8
3 2 (g°A) sxt 5; for planar currents (1.15)
Z(gV) ixt z;  for axisymmetric currents '

At the front, the similarity variable can be writen as the fundion of Froude number.
This is given as

8
;2% 8 .
P a—— ; r nar rren
~ 12 2Fr2 ; or planar currents
P = | (1.16)
§ 16Fr2 @ . :
- for aX|symmetr|c currents

@ Fry



8 Introduction

The solutions for the height and velocity pro les are then gien by

A 1 1 2X

h():; §2+ . 2—73 and u(x;t)=§
for planar currents (2.17)

| |

vV , ,. 2 Frz r

= — + - - = —

h( ) a2 Fr2 ; and u(r;t) 3
for axisymmetric currents (1.18)

This single-layer shallow water models can also determine theorit location of the
currents. It is given by

Xt () = 1 (gPA)st
()= ¢ (gV)it

; (1.19)
: (1.20)

NI wIN

We can compare these results with the results suggested by the bowraels discussed
earlier. Comparing equations (1.19) and (1.20) with equatns (1.6) and (1.9) shows
that both models suggest that the long-time front location inreases ass andtz for
planar and axisymmetric currents, respectively. The coe ciets suggested by the two
models are, however, slightly di erent.

Although these modelling approaches have provided a useful igisi into the dy-
namics of gravity currents, they assume that the density of the etent is unchanged
during the evolution of the ow. This is not the case for many gephysical ows. In
fact, the density of the currents is found to be reduced as therdient uid is entrained
and mixed into the currents during their propagation (Hackeret al., 1996; Hallworth
et al., 1996; Sher & Woods, 2015). In order to predict the evolutioof gravity currents,
a model including the mixing of ambient uid into the current is required. Here we ex-
plore the mixing of ambient uid into axisymmetric currents. This work complements
the parallel study of two-dimensional gravity currents by She& Woods (2015, 2017).

1.1.3 Entrainment in a turbulent plume

Entrainment of ambient uid into a turbulent ow has long been observed and in-
vestigated more thoroughly in the case of vertical turbulent ows, known as plumes,
in comparison to the case of horizontal ows (gravity currents) Reviewing how en-
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trainment has been investigated and modelled in these verticaws can be useful to
extend the similar approach to cover the study in gravity currets. Plumes are vertical
turbulent ows that arise from localised sources that are drive by buoyancy contrast
between the source uid and the ambient. In contrast, verticalows that are driven by
the initial momentum of the source uid are referred to as jetgTurner, 1979). Exam-
ples of these vertical turbulent ows include volcanic plume in the atmosphere upon
volcanic eruptions, hydrothermal plumes on the sea oor, etcOne of the pioneering
works includes the analysis by (Mortoret al., 1956) where they recognised a quasi-
steady state of such ows. It is observed that the dynamics of the ws, averaged
over a long time scale, can be represented in terms of horizdiyeaveraged massQ,
momentum, M, and buoyancy,B, uxes. This can be summarised in the forms:

y y y
Q=2 rvdr;, M =2 rv?r and B=2 rg%dr (1.21)

wherev(r;z) and (r;z) are the vertical velocity and density of the uid as a function
of the vertical position, z, and the radial position,r of the plumes. Here the equation
for the buoyancy conservation is required in order to accouffior the varying buoyancy
due to mixing with the ambient uid (cf. 1.10). Recall here that ¢°is the local buoyancy
arising from density contrast between the dense plume and the amht uid (1.1). In
the limit where the density change is small compared to the bagkound density, we
can write the dynamics of the plumes in terms of speci ¢ masg, momentum, m and
buoyancy,f, uxes at di erent heights, z, as

q(z) = Pv; m(z) = v and f(z) = g¥v (1.22)

wherebis the e ective radius of the plume,v is the horizontally-averaged vertical speed
and g°is the horizontally-averaged buoyancy. Assuming that uids a& incompressible
and the density contrast between the two uids is small, we may gpy the Boussinesq
approximation, which assumes that the relative density variabns are su ciently small
that they are only dynamically signi cant in the buoyancy force. The engulfment of
ambient uid parcels due to turbulent eddies causes mixing h&een the ambient uid
and the uid within the plumes. As a result, the mass ux increases vth height as
more uid is entrained into the plume. On time scales long enah compared to the
eddy-turnover time, we only consider the mean horizontal irow velocity of ambient
uid that becomes incorporated into the plume, ugy. This is proportional to the
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vertical speed of the plume and can be written as

Uent = "V(2) (1.23)

where" is the entrainment coe cient. Considering the changes in massnomentum
and buoyancy as the uid travels up the plumes, the conservatiorelations of mass,
momentum and buoyancy can be written as

32 =2"bv =2"m'%; (1.24)
‘2‘:‘ - § - g;qz; (1.25)
(cjjfz = O‘ljz g?v = NZq; (1.26)
where N2 = g(?jza represents the ambient strati cation arisen due to decrease in
a

ambient density, ,, with increasing height,z. For a uniform ambient density (N = 0),
the buoyancy ux remains constant and equal to the source ux. fiese equations have
a similarity solution that can be written as

—_ 6" 9" 1= 1=3_,5=3.
g= 3 10 [PARS (2.27)
g 2=3
m= -5 f 27324, (1.28)
f=fg (1.29)

wheref, is the source buoyancy ux. Laboratory experiments have beeronducted

in order to determine the entrainment coe cient, ". This has been determined to be
within the range of 0.10 to 0.16 for plumes and 0.065 to 0.080rfjets as has been
summarised by (Carazzeet al., 2006), based on a top hat velocity pro le (velocity is
constant at a given height within the ow and is zero everywhes outside the ow).

1.1.4 Entrainment in a gravity current

By analogy to the entrainment hypothesis developed for plunse(1.23), the entrain-
ment hypothesis can also be written in terms of the volume ux foa planar and an
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axisymmetric gravity current as

d(uh) - g and d(uhr) = "r
dx dr

(1.30)

respectively, whereu is the depth-averaged streamwise velocity. Motivated by the
early work on entrainment of ambient uid in plumes and jets, Elison & Turner
(1959) conducted an experiment on mixing in a gravity currdntravelling down an
inclined slope. The entrainment coe cient has been proposedtfollow an empirical
relationship

_ 008 O1Ri
~ 1+45Ri

" for Ri 038 (1.31)
whereRi is known as the Richardson number which is a non-dimensionalmber that
compares the stability of buoyancy strati cation to the shear elocity of the current.
This is in the form

Ri = g(uz:h)cos; (1.32)
where is the angle of an inclined slope. Based on experimental studiescurrents,
both saline and sediment-laden currents, several other empaldormulae relating Ri
to the mixing coe cients have been proposed. Many of these appeto suggest that
entrainment in the case of horizontal ows is very small. Howeve Princevac et al.
(2005) studied katabatic ows and found that in the eld data, " appears to be larger
than those values predicted by laboratory-based experiment3hey also commented
that the experimental study by Ellison & Turner (1959) was condated at low Re
number which could lead to underestimates of the mixing wherelng used to describe
eld-scaled turbulent ows with large Re.

In addition to the entrainment along the back of the gravity awrrent which is the
result of shear instability across the top boundary of the grawt current, entrainment
of the ambient uid into the head of a gravity current was repated by Prandtl (1952).
Following this nding, several experimental studies have deonstrated the dilution and
volume increase as the ow propagates, con rming the mixing l&een the currents
and the ambient uid. In order to quantify the amount of mixing in a gravity current,
Hallworth et al. (1996, 1993) used a neutralisation technique by which an alksé
gravity current intrudes into acidic ambient uid along the bottom boundary and a
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universal indicator was added to the current. The universal micator changes colour
owing to the mixing and the time at which the neutralisation hgppens was determined.

The span-wise averaged density eld within the current was detmined by Hacker
et al. (1996) using a light attenuation technique. This technique lbbws estimates of
the volume of the current and also the dilution of the current a a function of distance
from the source. Marinoet al. (2005) and Sher & Woods (2015) applied the technique
to measure the depth-averaged density pro les in saline currsnpropagating along a
channel to see how they change over time.

Since the pioneering studies of entrainment in gravity currés by Ellison & Turner
(1959), a number of experiments have been carried out (Brédt & Simpson, 1978;
Varjavand et al., 2015) to quantify the entrainment of ambient liquid into a seady
gravity current. For these currents, the mixing has been focuss®n the mixing at the
back of the currents and described to be the result of shear insility across the top
boundary of the gravity current. Experimental studies on en@inment have mostly
been performed to investigate planar gravity currents, whiléhere are relatively fewer
experiments investigating mixing in axisymmetric gravity curents. The main purpose
of this study, therefore, is to develop a new experimental teoique to understand
the mechanisms of mixing and to quantify the amount of entraiment in the case of
axisymmetric gravity currents.

1.1.5 Research outline

Although the ow and mixing behind the head of a gravity curren has been modelled
both experimentally and theoretically, the impact of entranment due to ambient uid
being displaced by the propagating front has not been consiger. Our experimental
study presented inchapter 2 focuses on the mixing in the head region of the ow as
well as the associated impacts of this mixing on the ow dynamscin a nite volume
axisymmetric gravity current. The current develops followng release of a dense uid
initially located behind a lock gate. The width of the tank ircreases in the down-
stream direction from the lock gate, resembling a wedge shape. hpithis apparatus,
a side view of a sector of an axisymmetric gravity current can bexamined. The light
attenuation technique is applied to a systematic series of exfraents to measure the
evolution of the dilution of a dye tracer due to mixing with cdourless ambient uid.
Digital images of the ows allow us to quantify the amount of ight being absorbed
by the dye which can be mapped back to the actual concentratioof dye tracers.
Calibration curves determining the correlation between tb dye concentration and the
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light intensity can be made based on light intensity images of thtank lled with uid

of known concentration. Since the width of the experimentaiank varies, the light

intensity can be di erent from place to place even when the tdnis lled with a homo-

geneous dye concentration. In this case calibration curvesaust be determined locally.
Once the dye concentration is known, the amount of dilutionan be determined and
this allows us to convert back to the span-wise averaged buoyang® of the evolving

ow.

In addition to the dye attenuation measurements, we performeddditional dye
studies by injecting di erent colours of dye into dierent parts of the ows. This
visualises the motion of uid within the current and illustrates the mechanisms of
the entrainment of ambient uid. Together with the results from light attenuation
technique, we show that there is a substantial amount of ambientid which mixes into
the current. By measuring the volume change of the current wittime, we calculate
a mixing coe cient representing the e ectiveness the mixing bambient uid into the
current. Later in the chapter, we derive self-similar solutiog that include the mixing
at the nose of the currents.

In chapter 3 we use the same experimental techniques to study the mixing in
high Reynolds number axisymmetric gravity currents initiaed from a steady ux of
dense uid. For these currents, a steady tail region is observed tiad the head of
the currents. In addition to the technique used in the study of nte volume gravity
currents presented in chapter 2, we track the speed of structwevithin the tail region
and interpret this as the speed of the successive eddies withiretisurrents. The es-
timated speed of uid within the current provides crucial information for quantifying
the mixing along the top boundary of the current. Based on theseesults, we mea-
sure the volume change of the current with time and calculatene mixing coe cient
associated with entrainment at the nose. We then compare our expmental results
to the theoretical model proposed by (Johnsost al., 2015).

After some work has been conducted on gravity currents, we haveaided to apply
the light-attenuation technique to investigate another gephysical problem in nature,
demonstrating that the light-attenuation technique is an inportant and useful method
that can be used to study various geophysical uid-mixing prol@ms. The other section
of this thesis investigates the role of gas bubbles in mixing ¢hliquid magma within
a volcanic conduit which we propose to be a potential mechanisthat can transfer
su cient heat from subsurface magma chamber towards the top ofhie conduits.
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Fig. 1.2 Photos of lava lakes at (left) Marum crater, Ambrym, Vanautu (image from Cai
Tjeen Willink 2011, Wikipedia, 15 September 2017) and (righ) Nyiragongo, Congo (image
from Geophile71 2009, Wikipedia, 15 September 2017).

1.2 Heat supply to lava lakes

1.2.1 Motivation

Lava lakes are a rare feature on Earth characterised by a largedy of molten lava,
usually basaltic, being con ned within a crater or broad deprgsion (US Geological
Survey, 2016). Many lava lakes persist over tens of years ananan molten. This is
believed to be caused by the interaction between the surfacerdaand the subsurface
magma chamber. One conceptual model requires large-scaleveation driven by a
density contrast between the the lake and a magma chamber, whimay be caused by
the combination of cooling, crystallisation or degassing of nislin the upper portion
of the system (Franciset al., 1993; Kazahayeet al., 1994; Stevenson & Blake, 1998).

The lake level is known to uctuate over di erent time scales. #all-scale cyclic
uctuation was reported for Erebus (Oppenheimeket al., 2009), Erta "Ale (Spampinato
et al., 2008; Vergniolle & Bouche, 2016) and Nyiragongo (Spampimaet al., 2013).
Lava lakes sometimes exhibit episodic cycles of drainage amtharge as reported at
Nyiragongo (Burgi et al., 2014; Tazie , 1994), for example.

The surface of lava lakes often consists of a mosaic of solidi ecfds separated by
incandescent cracks that expose hot molten lava underneathgure 1.2b). Gas plumes
are also observed along these cracks. The mosaic plates may be ctatiy or slowly
drift towards the rim at velocities of order 0.1 m s! (Calkins et al., 2008; Patrick
et al,, 2016).
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The conceptual model of a magmatic exchange ow (the conveéah) within the
conduit explains some of these features reported for lava laskeHowever, it usually
considers the gas phase within the conduit to ow homogeneouslyith the magma,
at least until the very top part of the convective cell. Here masge additional volatile
exsolution due to decompression reduces the bulk density of theelnand causes the
degassed melts to sink back down the conduit. On the other handhdre have been
reports of large gas bubbles bursting at the surface of the laké'hese bubbles are
believed to originate from a deeper level, and possibly fromg¢lmagma chamber. These
large bubbles are likely to rise independently of the basaltimelts and will disrupt the
homogeneous exchange ow in the upper few hundred metres bétconduit. There is
therefore a challenge about the nature of the ow and heat trasfer in the upper part
of the conduit.

1.2.2 Heat loss at a lava lake

In this section, we review the heat budget to estimate the totaheat loss at a lava
lake system. The heat loss is balanced by the thermal supply frorhd underlying

hot magma system. If this is assumed to occur through an exchangew convective

system, then the product of the magnitude of the exchange ow ahthe cooling near
the surface can be assessed (Franeisal., 1993; Harriset al., 1999; Harris & Stevenson,
1997; Le Guernet al., 1979; Spampinatecet al., 2013). However, in the upper part of
the conduit, this exchange ow may not operate as e ectivelyand the heat transfer

may be controlled by the mixing produced by the bubbles, as wegpose later in the

chapter. We now review the modes of heat loss from the lake to ass¢he magnitude

of this heat ux.

Radiative heat ux ( Quaq)

At the surface of a lava lake, heat may be lost to the atmosphere bgdiation. This
heat ux can be calculated by the relationship:

Quad = Ake " BT ; (1.33)

where A ae IS the surface area of the lake, is the Stefan-Boltzmann constant,” is
emissivity and f; isqthe fractional area of material at a brightness temperatu@r of T;.
The quantity To= * f;T#is known as the e ective temperature which may be used
as the representative temperature of the lava lake surface.
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Fig. 1.3 A digital image of Erta "Ale lava lake taken in February 2001 showing a moderately
active surface. Several incandescent cracks in between &hled crusts can be observed. Inset
shows a thermal image obtained from the same location but ta&n 15 mins earlier. The gure
is taken from Oppenheimer & Yirgu (2002).

The detailed temperature distributions over the lava surfacean be captured by
various techniques varying from ground-based instruments élkins et al., 2008; Op-
penheimer & Yirgu, 2002; Spampinatcet al., 2013, 2008) to thermal remote sensing
(Harris et al., 1999; Harris & Stevenson, 1997; Wright & Flynn, 2004). Grounbdased
measurements such as tripod mounted thermal cameras may prwibetter spatial res-
olution ( gure 1.3). Satellite based thermal observations, othe other hand, provide
regularly captured images but with lower spatial resolution.They may also include
errors owing to solar re ection during day time and clouds in soe weather conditions.

Convective heat ux ( Qconv)

Temperature di erences between the lava surface and the aiaig drive some convection
of the cold air above the hot lava surface which can carry awaydditional heat from
the lava lake. However, this form of heat loss depends heavily the wind speed
and surface roughness. Nonetheless, though the wind speed data &lakle in their
studies, Spampinatoet al. (2013), believed that free convection is more appropriate
in their study as the lava lake of interest (Nyiragongo) was not idectly exposed to
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the wind since the surface was located 500 m below the crater rifihe heat loss by
convection of air with temperature T,; over a rigid boundary of temperatureTs of
surface areaA e IS

Qeonv = AlakeN (Ts  Tair) ; (1.34)

whereh is the heat transfer coe cient of the air. The value ofh = 10 Wm 2K ? for
free convection was used in the calculation by Spampinagi al. (2013) while Harris
& Stevenson (1997) and Harriet al. (1999) used a di erent approach wherédn can
be de ned through the Nusselt numberNu, the thermal conductivity of uid, k, and
the length scale of convection the thickness of the thermal bodary layer, L,

h = Nu:f: (1.35)

Using the de nition of Nu for turbulent ow, the equation for Qcon Can be written as

I

. . 3 2
Q-conv = O::I-‘]"A\Iakekair g == (Ts Tair)g; (136)

air air

where g is the gravitational acceleration. Parameters 4, ar, ar and g are the

expansivity, density, dynamic viscosity and thermal di usivity of air which may vary

slightly depending on temperature and pressure. For air at 25C, the parameters

Kair: air. air. ar @nd o have values 43 10 2Wm 'K 1, 367 103K 1, 1.293

kgm 3, 1:72 10°Pasand 190 10 ° m?s !, respectively. As a simple estimate,
Wright & Flynn (2004) suggested that this heat budget may be equalent to 30-75%

of the corresponding heat loss by radiation based on previousetretical (Head &

Wilson, 1986; Neri, 1998) and eld studies (Harriet al., 1999; Oppenheimer & Yirgu,
2002; Spampinatecet al., 2013; Woosteret al., 1997).

Conductive heat ux (  Qcong)

In addition to heat loss at the surface of lava lake via radiatio and convection, heat
may be lost to the surrounding host rock by conduction. The radleheat ux from a
cylinder is given by

daT daT

Qcond = kAr W = 2 rLk ra (1.37)
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where k is the thermal conductivity and A, is the surface area of a cylinder which
depends on the lengthL, and radius,r. The equation can be rearranged and inte-
grated to estimate the heat ux associated with heat conductiomt a volcanic conduit.
Harris & Stevenson (1997) estimated the heat loss by this processStromboli and
Vulcano (open-vent volcanos) using the equation in the form

Qeond = 2 krl—m;

(1.38)
wherek; and L, are thermal conductivity of the host rock and magma depth, ispec-
tively. T, T, is the temperature contrast between the magma in the conduitnal
the host rock. r. is the conduit radius andr; is the radius at the point where the
temperature falls to T,. Assuming the temperature falls to 100C 150 m away from
the conduit centre (cf. Harris & Stevenson, 1997), the heat loss the conduit wall for
a conduit size ofr. =2 m and 1 km long lled with 1000 C magma would be of the
order of a few MW.

At a lava lake system, the conductive heat loss to the host rock mayccur at
both the oor of the lake and the walls of volcanic conduit. Howver, heat loss by
the radiation and convection at the lava lake surface are typally on the order of
10-1000 MW due to large surface area of the lava lake. Most preus estimates have
assumedQqong to be negligible and that the lake is well insulated on these badaries
(Spampinato et al., 2013).

Losses due to hydrological processes ( Quya)

When analysing the thermal budget in lava ow, Woostetret al. (1997) suggested that
heat exchange may happen due to interaction with subsurface te#a and also the
precipitation. Water can be heated up by hot magma and transpted away or even
vaporised. However, this process is relatively small compared heat loss by other
means (Woosteret al., 1997).

1.2.3 Heat supply by magma convection

The di erent mechanisms of heat loss mentioned above (Y1.2i@)ply that the system
continuously loses heat with time. However, lava lakes often sist over many years
or tens of years. One explanation is that heat is supplied by mag convection in
the volcanic plumbing system; hot magma migrates and carriesgat up the conduit,
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Qrad + Qconv = Mmagma(cm T+CL f)

Qrad Qconv
Lava lake with surface
temperature Tg

Crystallization

MmagmaCL f (2) magma

degasses and
cools at lava lake

(3) Denser, degassed

and/or cooled, magma

descends conduit from
[EVERELE

(1) Buoyant, hot and/or

volatile saturated reservoir

magma ascends conduit to
supply lava lake

To Magma
Reservoir

Fig. 1.4 A generic thermal and mass balance model based on magma cowtien (taken

from Harris et al., 1999, relabelled based on our notations). The model impl& exchange
ow within the conduit and replenishment of magma in the lake. The total heat loss at
the surface of the lava lake Qrag + Qconv) Can be balanced by cooling KmagmaCm T) and

crystallising fresh magma MmagmaC. ) arriving at the lake due to the exchange ow.

releases some heat and volatile gases at shallow level and sinkskbdown as it is
cooled and becomes denser. In addition to cooling down, magmay also crystallise
which acts as an extra heat source at shallow levels.
Previous studies (Harriset al., 1999; Harris & Stevenson, 1997; Le Guern, 1987,

Spampinatoet al., 2013) have appealed to a convective exchange ow to estimadte

ux of magma in the conduit by balancing the total heat loss to he minimum magma
ux, Mmagma, required to sustain the system via magma cooling T and crystallisation

of a fraction f of the melt,

Q= Mmagma(Cmn T+oc f); (1.39)

where ¢, and ¢, are heat capacity and latent heat of crystalisation of liquid ragma
respectively. The heat balance analysis is summarised in gure4l
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The magma temperature should remain above the solidus, the ¢cidl temperature
below which magma is entirely solid, in order to maintain the uid-like ow. Using this
argument, Harriset al. (1999) chose T =150 200C andset f =0:3 0:450:29
and 0023 for the lava lakes at Erebus, Erta "Ale and Pu'W0 , respectively, based on
mass fractions of phenocrysts and microphenocrysts in rock sadegpdetermined from
previous petrological work (Bizouardet al., 1980; Dunbaret al., 1994; Garciaet al.,
1992; Kyle, 1977).

In the absence of these constraints, some previous works considet®o end-
member scenarios describing endogeneous growth of volcandé® rst model consid-
ers that degassed magma intrudes as dykes suggesting a slightiogalown of magma
by 50 C and that it experiences 25% crystallisation while the secondwgsiders the
formation of cumulates within the magma chamber, suggestingaoling by up to 400

C and complete crystallisation (Franciset al., 1993; Spampinatcet al., 2013; Wright
& Pilger, 2008). However, investigating C@-H,O ratios in melt inclusions, believed
to entrap original magma at the pressure at which the rock is fared, Witham (2011)
showed that magma is more likely to be recycled or mixed withithe conduit rather
than forming intrusions.

Laboratory experiments for lowRe exchange ows con rmed that such convection
is possible (Beckettet al., 2011; Huppert & Hallworth, 2007; Stevenson & Blake, 1998)
although some mixing between the descending and ascending owishin the conduit
has been observed for miscible uid of low to intermediate vissdy, (Huppert &
Hallworth, 2007). If su cient mixing occurs, this will reduce the convective ux and
may eliminate the density contrast required to drive the bidiectional ow (Witham,
2011).

It is unclear where the top of the conduit convective cell oces. Most studies
assume that convection might extend to within the lava lake ragn since horizontal
motion of magma has been observed at the surface (Harris, 2008)y &udying the
temporal change in surface motion at Halema'uma'u lava lakeatfck et al. (2016)
commented that it is possible that observable surface motion isedendent on deeper
lake circulation even though the up-welling from deeper inhe lake, and possibly the
conduit, acts as the source for such observable ow. The schentatepresentation for
this model is shown in gure 1.5a.
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Fig. 1.5 Diagrams showing models for (a) bi-directional ow (adapted from Stevenson &
Blake (1998)) and (b) bubble rising in the conduit (adapted from Bouche et al. (2010)).
For the bi-directional ow model, it might be unclear where th e overturn actually occurs.
Some authors believed that the overturn may happen within the lava lake as inferred from
horizontal motion at the surface.

1.2.4 Heat supply by gas bubbles

The conventional bi-directional ow assumes bubbles are susp#ed within magma
and move along with the magma convection. This assumption islezant especially if
the gas bubbles are su ciently small. However, as bubbles grovitieer by exsolusion or
decompression, the bubble size can reach a point at which the sipeed of the bubbles
relative to the liquid magma is su cient that bubbles separatefrom the liquid magma.
Boucheet al. (2010) suggested from their acoustic study at Erta "Ale that due tohie
high Reynolds number of these large bubbles, they form unstapkerbulent, bubbly
wakes. They related the arrival of this bubbly magma to the obseation of a magma
fountain at the surface. They also proposed that the periodic aval of these hot
bubbly pulses of magma is the mechanism that brings up the heatm depth and
keeps it in molten state ( gure 1.5b). However, the actual theanal energy carried with
the bubbles has not been quanti ed.

The source depth of these large bubbles is not fully constrainday data. The
model for heat being supplied by a large gas slug is compatiblé&wthe conventional
bi-directional ows if the slugs form at shallow level. This mght be true at Stromboli
where geophysical signals show a seismic and acoustic source 260 m below the
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Fig. 1.6 A plot for predicted bubble diameter, 2ry, at di erent depths based on the bubble
volume observed at the surface within the range 10-1000 #a The calculation assumes the
bubbles are spherical and are compressed at depth due to magstatic pressure. The dotted
line illustrates that for a given conduit size of 4 m, a 10 n? (volume at the surface) bubble
would be conduit- lling in the top 100 m. Bubbles with larger m ass would become conduit-
lling at a deeper level.

vents (Ripepeet al., 2002; Vergniolle & Brandeis, 1996). However, gas composition
analysis during the periodic Strombolian explosions, belieddo be the result of gas
slugs, revealed the bubble source as deep as 3 km while the shaflowrce for geophys-
ical signals was argued to be the result of a permanent structdrdiscontinuity that
modi es ow pattern of gas slugs (Burton et al., 2007). Provided that gas slugs do
form at deep level, bi-directional ows will be disturbed, stired and potentially erased.
Considering the typical bubble frequency observed at the suda at Stromboli, this
leaves only 15 minutes for the convection to be restored before the wholessgm is
disturbed again by the next arriving bubble (Vergniolle & Gawdlemer, 2015).

The volume of large gas bubbles at the lake surface determinidm acoustic study
of gas bursting is reported to range from 36-700%at Erta "Ale (Bouche et al., 2010)
and 1000-24000 rhat Erebus (Johnsoret al., 2008). Assuming magmastatic pressure,

P=P, mQZ; (1.40)
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where ,, is the magma densityg is the gravitational acceleration,z is the depth andP,
is the reference pressure & = 0. If the temperature is approximately unchanged as a
bubble travels up the conduit, Boyle's law suggests th&® / 1=V, whereV = (4=3) r
is the volume of a spherical bubble of radius,. gure 1.6 shows the estimated diameter
for a spherical bubble at di erent depths for a bubble of volura 10 - 10 m? observed
at the surface. The diameter of the volcanic conduit is unknawat many lava lakes but
is possibly within the range of 2 m, as reported for Stromboli @ gniolle & Brandeis,
1996), to 15 m as estimated at Nyiragongo, based on the lava driaig time for the
lake (Burgi et al., 2014). For a system with conduit diameter of 4 m (dotted line) ad
bubble volume at the surface of the size 10 dnit can be seen from the gure that
the bubble will be conduit- lling in the top 100 m. In fact, large bubbles within the
conduit may exist as a spherical cap (Bouchet al., 2010) whose radius is expected to
be larger than the equivalent spherical radius. In this case, ¢hdepth at which large
bubbles Il the conduit might extend to a deeper level. From he range of reported
bubble volumes at the surface and the typical diameter for vonic conduits, we expect
that conduit- lling bubbles exist for at least the top few hundred metres below the
surface. Given an estimated depth of Erta "Ale lava lake within #a range 32-43 m
(Bouche et al., 2010), it is expected that the conduit- lling bubbles orignate within
the conduit. Within this region, the magma convection will ke disturbed by the rising
bubbles and the exchange ow model is unlikely to persist (seemeriments later in
chapter). However, lava lakes do maintain their unfrozen statfor many decades, and
so heat is likely to be transferred through the upper part of theonduit by some other
means. Although the concept that heat is supplied by bubble-raied processes has
been proposed by Bouchet al. (2010), no modelling or quanti cation has been carried
out. In this study we explore the process of heat transfer by theéquid-gas separated
ow whose gas bubbles are of comparable size to the volcanic dart.

1.2.5 Experimental two-phase ow in a vertical conduit
Flow regimes

Gas and liquid ow within a long tube can undergo di erent ow patterns depending
on the gas and liquid ux and also liquid viscosity. The liquid anl gas bubbles are
expected to undergo homogeneous ow if the liquid phase has gt viscosity which
prevents bubbles from decoupling from the background motip for example, with
evolved silicic and highly viscous magma (Gonnermann & Mang2012). On the



24 Introduction

bubbly flow slug flow churn flow  annular flo

increasing gas flux

Fig. 1.7 Idealised vertical gas-liquid ow regime in vertical conduits (adapted from Pioli

et al., 2012). Liquid is shown in gray and gas bubbles are shown in wte. For low gas
ux, small gas bubbles may rise independently and bubbles hee uniform size distribution.

Increasing gas ux promotes bubble coalescence creating bbles of di erent sizes. In slug
ow, large bubbles become spherical-cap and Il up the condui diameter. Increasing gas
ux further, the large bubble becomes elongated and has the Isape that resembles a Taylor
bubble. Gas bubbles becomes unstable with further increasim gas ux which characterise
churn ow regime. At annular ow conditions, the uid may be d ragged upwards by the gas
motion.

contrary bubbles can separate from low-viscosity magma. In tHaboratory, the ow
patterns for water-air ows have been described as bubbly, gju churn or annular
depending on the gas ux through the system (Fernandest al., 1983; Harmathy,
1960; Nicklin, 1962; Taitelet al., 1980).

Bubbly ows, formed at low gas ow rates, are characterised by snllagas bubbles
dispersed in the liquid and which rise independently of the magm The rise speed
of bubbles is found to increase with larger bubble diameter. WA larger gas ux,
bubble coalescence is promoted and larger gas bubbles areat@@. Conduit- lling
bubbles called Taylor bubbles (owing to pioneering expemental studies by Davies
& Taylor, 1950) or gas slugs characterise slug ows (Nicklin, 182). These gas slugs
are separated by regions of pure liquid in the conduit. The gapetween two gas slugs
reduces with increasing gas ux until the point where the ow ecomes unstable and
a churn ow develops. At the highest gas ux, the gas ows througy the centre of
the tube and has enough energy to drag the liquid Im along thevall as the gas rises:
this is known as core-annular ow. Figure 1.7 summarises theeadlised ow regimes
reported for experimental two-phase ow.

Small bubbles of various sizes (less than a few cm) rising thrdug conduit under
the bubbly ow regime can rise to the surface and escape to the atsphere. They
are believed to account for the quiescent degassing observed atanos (Vergniolle &
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Gaudemer, 2015). On the other hand, active degassing eventspim as Strombolian
eruptions, are usually described as a process in which bubblesiahh Il the conduit
burst at the surface (Vergniolle & Brandeis, 1996; Vergniolle &audemer, 2015). The
ow within the conduit can be described as a slug ow regime whicwill be the main
focus for this study.

Rise speed of gas slug

Bubbles whose radius is similar to that of the con ning conduitare mostly referred to
as Taylor bubbles. Bubbles with smaller size, but still of high Renolds number, are
mostly referred to as spherical caps. As a conduit- lling bubbléses, its front displaces
liquid ahead of it and the liquid is forced to fall along condit wall forming a liquid Im
between the gas bubble and the solid wall. The falling liquidim reaches the liquid
pool at the bottom end of the bubble and forms a wake region bel the leading
bubbles. The wake can be bubbly and turbulent if the liquid visasity is su ciently
low, otherwise a laminar wake is expected, in which case, migims suppressed.

The rise speed of a single gas slug in a system with no background aw, can
be written using the de nition of Froude number, Fr, in the form

q q
U= Fr g4d.=0:35 g4; (1.41)

whereg® = g( | ¢)=1 is the reduced gravity andd; is the conduit diameter. g°
is de ned as a function of the gas density, 4, liquid density, | and gravitational
acceleration,g. In most two-phase ow cases, 4  and henceg d°

The value forFr = 0:35 has been determined both theoretically and experimenhal
(Nicklin, 1962) for air-water ows as well as other turbulentgas-liquid ows. With
more viscous liquid, a more general model (Vianat al., 2003) for the bubble rise
speed based on experimental data has been proposed involvingpmplex function of
E6tvos number (balance of gravity and surface tensionko, and Reynolds number
based on the buoyancy forcefReg, which are de ned as

Eo= 19¢ and (1.42)
q___
| gk

Res = : (1.43)

where and are the surface tension and dynamic viscosity of the liquid, resgtesely.
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In experimental slug ows created by constant gas and liquid ues, the background
ow is no longer stationary but modi ed by the super cial gas ard liquid speed. The
ascent speed of a large bubble has been found to follow an enwaitirelationship
(Nicklin, 1962)

Up = 1:2(\19;\4) + U = 1:2(\19;\4) + 0:35q g4; (1.44)
where \; 4 and A are the volumetric gas ow rate, liquid ow rate and the cross-
sectional area of the conduit, respectively. The volume ux @r conduit area,\L.=A
is known as the super cial speed for each phase. This can be seethassum between
the background velocity, {4 + \4)=A, and the rise speed of bubbles, (1.41). The pre-
multiplying coe cient 1.2 is interpreted as the ratio of the maximum centreline to
the cross-sectionally averaged vertical velocity and is app#ble for turbulent ows
(Nicklin, 1962) while a pre-multiplying coe cient of 2 is suggested for laminar ows.

In the geological context, it is di cult to investigate bubbl e motions within the
conduit. Instead, the gas speed above the volcanic vent canebtly be measured using
visual or thermal photos or videos. More sophisticated devicesciuding radar and
sodar have been attempted. However, it has been shown experitadly that air can
quickly entrain into the hot gas and this a ects the observal®@ vertical gas velocity.
The measured gas velocity above the vent can, therefore, bergigantly di erent from
that within the conduit (Vergniolle & Gaudemer, 2015).

As aresult, the speed of gas bubbles in the vent has mostly been estied based on
a number of assumptions. With the exchange ow model, it has maynbeen assumed
that the gas-magma ow is homogeneous and hence the gas speedeiermined from
the speed of magma. In contrast, separated ow is characterised lgas slugs rising
with larger speed. The rise speed given by (1.44) has been foundiescribe slug ows
successfully in many laboratory experiments and industrial apipations (Morgado
et al., 2016; Nicklin, 1962; Taitelet al., 1980). However, at volcanic vents, the gas
uxes are relatively small compared to the conduit size and hee, the super cial speed
term, \L.=A, becomes insigni cant compared to the single slug rise speed teny. The
gas slugs are likely to rise as separated and individual bubblegose speed is given
by (1.41) provided that the ow is su ciently turbulent. Using t ypical parameters
for magmatic ows ( = 0:4 N/m, | = 2600 kg/m3, =500 Pa s and 1<d. < 10
m), Seyfried & Freundt (2000) showed that ows within the condit may either be
inviscid, Reg > 300, or transitional, 2< Reg < 300 (Jameset al., 2006) whereReg
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is Reynolds numbers based on the buoyancy forces of the ligudase. For the latter
regime, the magma viscosity cannot be completely ignored anbet speed of the gas
slugs is expected to be slightly lower than that suggested by ediom (1.41).

In the second part of this thesis, we extended the use of the lighttenuation
technique to explore the liquid mixing in a vertical conduitunder the in uence of ascent
bubbles. The system is analogous to liquid-gas separated owsialincan be the case in
many volcanic settings. The main purpose of this study is to dew@ an experimental
technique that can quantify the rate at which the liquid mixes up the conduit under
the in uence of the gas ows. Together with our proposed matheatical models, the
experimental results are then used to illustrate that our propged mechanism can
supply su cient heat which allows lava lakes to persist over time

1.2.6 Research outline

In order to explore the role of gas bubbles on the dynamics ofcu ows, in chapter
4, we present a new experiment to describe liquid-gas separatemv, analogous to the
ow within a volcanic conduit feeding many lava lakes. In paricular, we focus on the
role of large bubbles on mixing the uid in the conduit throudh the turbulent mixing in
the wakes of successive bubbles. In turn we argue that this willsdupt the convective
exchange ow but will also lead to heat transfer itself by a turblent dispersion process.
In order to demonstrate this turbulent dispersion, the light atenuation technique is
applied to measure how dye tracer originally injected at the ditom of the conduit
migrates along the conduit, even through there is no net owfathe liquid. With a
constant supply of gas at the bottom, dye is gradually disperseawards the top of
the conduit. By analogy, we argue that in a volcanic conduithis dispersion will lead
to heat transfer along the conduit. The dispersion coe cient igshen determined as a
function of gas ux and bubble speed. The results are then used &stimate the heat
ux arriving at the top of a volcanic conduit as a result of slug ow. The model is
compared to the heat loss at the surface of a lava lake situated twp of the conduit
and shown to be consistent with eld observations.






Chapter 2

Finite volume release axisymmetric
gravity currents

2.1 Abstract

We present new experiments to measure the rate of entrainmertambient uid into
a high Reynolds number, axisymmetric, turbulent gravity curent. The current is
produced by a rapid release of a nite volume of aqueous salt stbn from a lock
of length r, into a diverging channel,r > 0, of angle % , lled with a nite depth,
H, of fresh water. This resembles the evolution of gravity curngs in the absence
of a con ned channel, such as turbidity currents when they ekia submarine canyon
to an abyssal plain. Experiments using dye tracers show the denseidureaches the
nose of the ow, rises up, mixes with the ambient and moves backwds relative to
the nose forming a circulation in the head region. The evolvindensity and the
volume of the ow are measured using a light attenuation techgque. Due to mixing of
the ambient uid and the dense gravity current, it was found that the volume of the
current increases a¥  0:2r/=*r I**H while the maximum depth of the head decreases
ash,  0:5H (ro=r,)¥™, wherer, is the location of the front of the current. Combining
these results, it can then be estimated that the recirculating event uid mixes with
a fraction” = 0:33 0:09 of the ambient uid that is directly ahead of the current ard
displaced upwards by it. Some of the mixed uid supplies the taof the ow, while
the remainder recirculates into the head, which becomes g@ssively more dilute. In
accord with Huppert and Simpson (1980), the experiments show dhthe position
of the front increases with time asr,  (1:28 0:05)B!*t'*2, where B is the total
buoyancy of the ow. The maximum value of the vertical integal of the buoyancy
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(gh), is determined and is found to decrease with position of the nosecarding to
the relation (gth), (0:89 0:12)Br ,?2, consistent with a Froude number 86 0:07.
The measurements are then compared with a new idealised selfitamsolution of the
depth averaged equations which accounts for the mixing at éhnose, the vertical shear
in the velocity and the lateral strati cation of the buoyancy within the current.

2.2 Introduction

Turbulent gravity currents are produced when a nite volumeof dense uid is rapidly
released from a source above a horizontal boundary into an emnment of lower
density. The dense uid spreads horizontally under gravity alog the lower bound-
ary of the ow domain, displacing the original uid in place. Gravity currents have
been studied in considerable detail, using a combination of latatory experiments
and mathematical models owing to their importance in frontadynamics, volcanic
eruptions, turbidity currents, and many environmental ows (Kneller & Buckee, 2000;
Prandtl, 1952; Simpson, 1999; Sparkst al., 1997). Many papers have examined two
dimensional gravity currents in a con ned parallel sided chamel, exploring the ratio
of the propagation speed of the front, d,=dt, with the product of the buoyancy and
depth, gt, as expressed by the Froude numbeFr, dr,=dt = Fr(gh)¥2. Various
solutions of shallow water equations have been presented to dése these ows, often
assuming that there is no mixing with the ambient uid (cf. Benjamin 1968; Bonnecaze
et al. 1995; Chen 1980; Slim & Huppert 2004).

Huppert & Simpson (1980) carried out experiments to examine éhmotion of ax-
iIsymmetric gravity currents produced by a discrete release otiid of total buoyancy
B, and established that provided the Reynolds number is su cieny high, the front
of the current advances as,, = 1:3Bt*2. Hallworth et al. (1996, 1993) and Hacker
et al. (1996) measured the entrainment of ambient uid into gravity currents, and
established that the head becomes progressively more dilute kviistance. Hallworth
et al. (1996) used an acid-alkali system with which the mixing in the ts&l could be
measured by assuming the head is well mixed and recording the piosi of the head at
which a pH indicator in the head changed colour. Using this appach, they reported
a gradual decrease in the volume of the head with distance. Patsonet al. (2006)
carried out some PIV experiments to explore the velocity struatre of the current and
this demonstrated that the front of an axisymmetric gravity curent involves a vorti-
cal ow which facilitates the mixing between the current uid recirculating over the
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top of the nose and the ambient uid displaced by the nose. Canteret al. (2007a,b)
presented a series of direct numerical simulations of axisymmiet gravity currents,
illustrating the importance of the vortex rings and cleft andlobe instabilities at the
front of the ow in driving mixing. Adduce et al. (2012) and Johnson & Hogg (2013)
modelled the mixing into two dimensional gravity currents usig a parameterised en-
trainment law all along the upper surface of the ow, while Ozgkmen et al. (2009)
have presented numerical simulations of the mixing.

Although these have been very valuable contributions, there imore to be learnt
about the process of mixing and entrainment into axisymmetrigyravity currents
through detailed measurement of the buoyancy as a function pbsition in the current
and time after the lock release. This is the primary purpose ohe present chapter.
We use a light attenuation technique to measure the evolving &aity of the uid in
agueous saline gravity currents (cf. Hackeet al., 1996). For the low salt concentra-
tions used in our experiments, the salinity is directly propoibnal to the buoyancy
(Turner, 1979) and the Boussinesq approximation applies. We al$ollow pulses of
dye in the current and the ambient uid to establish how the mixhg occurs. Using
our new experimental data, we nd that a fraction” 0:33 0:09 of the uid ahead
of the current, which is displaced by the current, mixes withle recirculating current
uid. This mixed uid is distributed between the wake and headof the ow, producing
a vertically and radially stratied ow. We establish scalings for the speed, height,
vertically averaged buoyancy and Froude number of the heathased on our experi-
mental data. We then compare the experimental depth and buancy pro les in the
ow with an idealised self-similar solution derived from the defh averaged equations
of motion, in which we account for the mixing at the head and ta vertical shear and
strati cation in the ow.

2.3 Experimental Method

A series of turbulent laboratory gravity currents were genated through the release
of a nite volume of aqueous salt solution into a 3m long perspexabhk with free
surface at the top. The width of the tank increases from 0 to 50c@long the length
of the tank, until reaching the end wall. The two long side wadl subtend an angle of
approximately 9:5 (gure 2.1). The details of the parameters for each experinmé
are shown in Table 2.1, including the depth of the uidH, the radius of the lock gate,
ro, and the aspect ratio of the sourcei=r,, as well as the initial buoyancy associated
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Exp. 1o H g2 Aspect ratio Detail of to R Fr Re
(cm) (cm) (cm/s?) H=r, dye injection 106°
A 36 18 33.35 0.5 a -235 124 086 202
B 36 18 47.68 0.5 a -228 125 0.80 202
C 36 18 54.84 0.5 a -1.72 123 079 202
D 36 18 33.35 0.5 a -245 124 0.84 200.6
E 36 18 26.29 0.5 a -250 1.24 0.84 200.6
F 36 36 26.29 1.0 a -3.30 1.33 0.85 505
G 36 36 40.52 1.0 a -3.30 1.34 094 505
H 36 36 40.52 1.0 a -3.30 1.37 090 505
I 36 36 40.52 1.0 a -230 131 0.89 505
J 36 26 40.52 0.7 a -2.00 126 084 403
K 36 15 40.52 0.4 a -2.25 125 0.76 100.5
L 36 30 40.52 0.8 a -2.10 126 0.84 505
M 36 36 40.52 1.0 b 25 1.26
N 36 36 40.52 1.0 c -3.0 1.27

Table 2.1 Table of experiments illustrating the range of aspect ratioand dimensions of the
lock. a. light attenuation experiment; b. dye injected into head of the ow; c. dye injected
into the ambient uid. Column of colours indicates colours of data shown in subsequent
graphs. The quantities t,, R and Fr are properties of the current which are de ned in
section 3.3. In the table, for each experiment, we list the agmptotic values of R and Fr for
rhn > 3r, (gure 2.5a,b)

Lock gate

Angle 9.5° Light-sheet —

End of tank —e=———""=]
___________________________ Side-wall

N ——
50 cm

thir,t) i ()

Tn (t)

Fig. 2.1 Schematic diagram of the experimental tank, showing a top vw and a side view
of the tank. Figure also illustrates the depth h of the current at radius r, the maximum
depth hy, the position of the nose of the currentr,, and the radius of the lock gate,r,.
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Fig. 2.2 (a) Photographs of a saline gravity current illustrating th e evolution of the buoyancy,
shown by false-colour contours, as the current from experinmt H (Table 2.1) advances along
the ume. Images are taken at equal time intervals of 1.5s. The x-axis shows the position
in the current as a function of the number of lock lengths. Thecolour scale represents the
value g&=¢f which is the local buoyancy, g% measured as a fraction of the original buoyancy,
g. (b) Evolution of the depth averaged buoyancy of the ow as a function of position and
time. The horizontal axis represents horizontal position,r=r,, and the vertical axis is time.
The colours represent the depth averaged buoyancy of the guity current, with the legend
illustrating the fraction of original buoyancy of the uid w hich was released from behind the
lock gate. The triangles in the gure denote the horizontal position at which the volume of
the current in the region between the back of the lock and the tiangle equals 25% of the
total volume of the current (see gure 2.6b).
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with the salinity, g°= g( s  w)= w Whereg is the acceleration due to gravity, s is
the density of the saline water behind the lock gate and, is the density of the fresh
water (ambient uid). The volume and buoyancy in our experinents overlap those
used in many of the previous experimental studies of axisymmetrgravity currents
(Hallworth et al., 1996; Huppert & Simpson, 1980; Pattersoet al., 2006) as well as the
numerical study of Canteroet al. (2007a). In many of the experiments, the aqueous
solution was initially dyed with a known mass of red TRS food dyeand the tank
was back-lit using a matrix LED light panel (W&Co Displays and $gns). In order to
measure the dilution of the current associated with the mixingsolutions with di erent
concentration of dye were placed in the experimental tanknisequence, and the red-
green-blue (RGB) light intensity was recorded for each such smion at each point on
one of the vertical walls of the tank using a Nikon D90 RGB DSLR caera.

The images were analysed using a MATLAB script to generate caliition curves
relating light intensity to the salinity, s, and hence buoyancyg®= gSs, whereS is the
solutal expansion coe cient, following an approach analogaito Hackeret al. (1996),
Fragosoet al. (2013) and van Sommereet al. (2012). Since the width of the channel
varies with radius, we used di erent local calibration curvesdividing the tank wall
into individual regions each spanning 1cm by 1cm. The experental images can then
be analysed to determine the distribution of buoyancy withinte tank, accounting for
the e ects of the varying width of the tank on the light attenuation by using the local
calibration curves. The buoyancy data we obtain is a span-wisesexage. However,
owing to the small angle subtended by the two side walls of the tiknthe variation
in the radius across a span, as measured from the rear of the lo@ktey is less than
0.5% of the radius. We therefore interpret our data as providg an approximation for
the radial distribution of buoyancy. The camera was set to takeither 2 or 4 frames
per second with shutter speed 1/100, aperture F4.8 and 1ISO 640hd precise timing
of the images was checked carefully in a control experimenithe camera recorded
10 pixels per cm in the vertical and horizontal directions troughout the ow domain.
Most of the currents attained high Reynolds numberRe = h—"ddr—t" > 5000 where; h
and r, are the kinematic viscosity, maximum depth of the current and gsition of
the nose respectively. We estimate that the image calibration @thod used to convert
light intensity to buoyancy has an error less than 8% (appendiR) for all experiments
and this is re ected in the error bars presented in our analysis.



2.4 Experimental Observations 35

2.4 Experimental Observations

Figure 2.2a illustrates the time evolution of the gravity curent for experiment H
(Table 2.1). The sequence of false colour images correspond he buoyancy of the
uid in the tank at intervals of 1.5s after release of the lock gte. Immediately after
lock release, while the position of the nose,,, is close to the sourcer, < 2:5r,,
the current adjusts to a head-tail structure. Subsequently, ashe front advances
through the region 25r, < r, < 8r,, the current becomes progressively less dense
and strati ed in both the vertical and horizontal direction. The maximum density
arises in the lower part of the head of the ow. With time, the had region develops
a strong vortical structure, with the dense uid lower in the hea reaching the front
of the head, and rising up over the head. Here it mixes with ambie uid as it
recirculates backwards relative to the head. In gure 2.2bye illustrate the evolution
of the vertically averaged buoyancy of the current as a funicn of radius. In the
gure, a series of triangles are shown, such that the volume of éhcurrent between
the back of the lock and the triangle is a fraction 0.25 of theotal volume of the
current. The image illustrates that the vertically averagedouoyancy of the current in
the region ahead of the triangles progressively decreases wiitne and increases in
the radial direction, with the vertically averaged buoyang being largest just behind
the leading front of the current. In panel a, it can be seen than the region upstream
of the triangles, the current is very thin and in this region tle ow appears to become
controlled by bottom friction. The uid which lags behind in this bottom layer appears
to be relatively dense uid from the base of the ow as may seen ingmel b, where
the vertically averaged buoyancy increases upstream of thaangles.

2.4.1 Mechanism of Mixing

In order to build up understanding of how the mixing occurs, we dve carried out a
series of experiments in which we inject and then track a smalblme of dye in both
(i) the current and (ii) the ambient uid. Figure 2.3a illustr ates the advance of a yellow
gravity current advancing into a clear ambient uid (experment M, Table 2.1). In this
experiment, a pulse of red dye was injected at= 3r, into the current, when the nose
of the current reached the positiorr,, = 3:5r,. The dye pulse is observed to migrate
forwards relative to the front of the current and on reachinghe front of the current,
the dyed uid rises to the top of the current and recirculates lackwards relative to
the front. Here it seems to mix with some of the ambient uid orignally ahead of
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Fig. 2.3 Series of images of the current at successive times. (a) Traport of a pulse of
red dye injected just behind the front of the ow in the head (E xp. M). This shows how
the dyed uid in the current advances to the front of the ow, a nd then recirculates over
the top of the current. Here it mixes with the ambient uid whi ch is displaced up over the
advancing head of the ow. (b) Transport of dyed blue ambient uid injected just ahead of

the front of the red current (Exp. N). Some of the ambient uid displaced by the current
remains above the current after the head has passed by, and hee does not mix with the
current, while the remainder mixes into the current, recirculating in the ow.
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Fig. 2.4 Variation as a function of ry=r, of (a) the volume of the current; (b) the height

of the head of the current in the regionr, <r, < 8y and (c) the entrainment coe cient "

de ned by (2.3) and estimated from the experimental data shavn in panels a and b. Colours
represent results from di erent experiments as coded in talte 2.1.

the current which is displaced up and over the current. Simitamixing behaviour was
observed in numerous other experiments in which dye was infed behind the front
of the current but with the front of the current located at di erent radial distances
from the lock.

We also added dye to the ambient uid to provide a complementgr perspective
on the mixing in the head region of the ow. As seen in gure 2.3bthe red gravity
current in experiment N (Table 2.1) displaced a region:8r, < r < 5:5r, in which
the ambient uid originally ahead of the current was dyed ble. The images show
that the dyed blue ambient uid rises over the current and thee is some mixing
with the recirculating current uid. The mixed uid migrate s backwards relative to
the advancing head and becomes partitioned into the head ardil of the current.
Meanwhile, the remainder of the displaced ambient uid (blugrises up over the head,
and comes to rest once the head has passed by.
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2.4.2 Entrainment coe cient

Using the light attenuation technique, we have measured the irsmttaneous volume of
the whole current and the maximum depth of the head as a funcin of the radius of
the front of the current by determining those pixels for whicithe concentration of dye
is in excess of the original value ( gures 2.4a,b). Once we hewmeasured the volume,
Ve, In our experimental sector model, of angle, we convert this to an equivalent
volume V of a fully axisymmetric current, V = (2 = )V.. We also de ne the total
buoyancy B as that of the equivalent fully axisymmetric current,B = (2 = )Be
whereB, = gV, is the actual total buoyancy of the uid behind the lock gate.In the
gure, the volume, V(t), and maximum depth, h,(t), are presented in dimensionless
form, V=(r 2H) and h,=H. Although there is some uctuation in the volume and
depth measurement associated with the time-dependent billowrattures on the upper
surface of the ow (gure 2.2), to reasonable approximation,dr r, > 2:5r,, the data
follow the approximate relations

V=(0:2 002)r “rH; (2.1)
hn = (0:5  0:02)H (ro=r,)¥*: (2.2)

If we assume that the uid entrained into the current originates from the uid
displaced by the head of the ow, as indicated by the dye studiegnd we de ne" to
be the fraction of this uid which is entrained into the ow, we can write

?:I\t/ =2 nhncgt”: (2.3)
Noting dvV=t = (d V=dr,) (dr,=dt), and using the data shown in gure 2.4(a,b), we
nd that for 2 :5r, <r, < 7r,, the entrainment coe cient " =0:33 0:09 ( gure 2.4c).
The approximate scaling laws (2.1) and (2.2), which combinedith equation (2.3),
suggest' = 0:35 0:04 are consistent with this direct measurement from the data. We
note that in the regionr, <r, < 1:4r,, the entrainment coe cient decreases rapidly
from about 0.7 to 0.05. This is associated with the mixing acrogke near vertical
interface produced from the removal of the lock gate. The mixg then remains small

as the ow slumps from the lock and the head becomes establishekthen, as the head



2.4 Experimental Observations 39

moves through the region &, < r, < 2:5r,, " increases to the valu¢' = 0:33 0:09
which applies forr, > 2:5r,.

2.4.3 Scaling Laws for the Head

We also measured the position of the nose,(t), and the maximum value of the
vertical integral of the buoyancy as a function of time. In gure 2.5a, we illustrate the
variation of the ratio

R = rn(t)

- B1=4(t + to)1=2 (2.4)

with r,=r,, and nd that after an initial transient, R! 1:28 0:05 consistent with
the value 13 reported by Huppert & Simpson (1980). In calculatingR, for each
experiment, we have estimated a value of the virtual origin inime, t,, by plotting
r2 as a function of time,t, and nding the time t, at which the best t straight
line through the data intersects the time axis. This corresporglto the di erence
between the initial adjustment phase after removing the lockae, whenr, < 2:5r,,
and the idealised release of a point source of buoyancy of zertuwee. We nd that
t, decreases in magnitude from 3:5s to 1.5s, as the aspect ratio of the source,
H=r,, decreases from 1.0 to 0.4. These values are considerably shdtean the 25-30s
typically required for the current to travel to a distancer, 7 8r,.

Earlier studies have proposed that the Froude number at the heaif the current is
a constant. Using our light attenuation data, we have measured ¢hmaximum value
of the vertical integral of buoyancy in the current. This maxmum occurs near the
front of the current (gure 2.6b), and combining this with the speed of the nose we
can calculate the Froude numberfr, as given by

dr, _ ¢ Z hry

T Fr (gh), where @h), =max gh= . gy : (2.5)
Hereg{r;y;t) is the buoyancy in the current and equation (2.5)b de nes th vertically
averaged buoyancygP. The variation of Fr as a function of the dimensionless time
for our experimental currents A-L (Table 1) is shown in gure 25b. It is seen that for
rhn > 2:5r,, Fr ! 0:86 0:07, once the current has passed through an initial adjustment
region. Combining equation (2.4) and (2.5), we nd¢h), (0:89 0:12)B=r2.
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Fig. 2.5 Data from experiments A-L (Table 2.1) illustrating (a) the va riation with time of

R = rn(t)=B¥(t + t,)™2, wherer, is the position of the nose of the current as a function of

time; (b) the variation with time of the Froude number, Fr = 9 (gZhy) 2, where (gh)n

t n
is the maximum value of the vertical integral of buoyancy as afunction of the position in
the current; (c) the variation of the Reynolds number in the head with time. The data that
fall below Re = 5000 appear to be in uenced by friction, and are not shown in panels a-b.

Colours represent results from di erent experiments as codd in table 2.1.
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Fig. 2.6 Variation with position r=r, of (a) the bugyancy in tBe current between the source
and radius r as a fraction of the total buoyancy, 5r§3ndr= 5” rghhdr (Exp. H), (b) the
volume of the gurrent inthe region between the source and theosition r as a fraction of the
total volume, (; rhdr= (;“ rhdr (Exp. H), (c) pro les of the dimensionless vertical integral
of buoyancy (egn 5a) and (d) pro les of the dimensionless degh (eqn 5b). (a,b) The black
contour lines denote the horizontal location where the fration of (a) the total buoyancy
or (b) the total volume exceeds the value 0.1, 0.2, ..., 1.0. ,d) Gray pro les denote the
time-average for each of the experiments A-L. The ensemble ax&ges, standard deviations
from these ensemble averages and the prediction of the simigd similarity solution (egn
12) are shown in black, blue and red pro les, respectively.

For each of the experiments shown in gure 2.5(a-c), the Reylds number at
the head of the ow, remained in excess of 5000 ( gure 2.5c). lother experiments,
for which the initial volume of uid was smaller, we found that once the Reynolds
number at the head falls below a value of about 5000, the vale¢ R (2.4) gradually
decreased with distance along the tank. We focus on ows with d¢iiier Reynolds
number, although given the size of our experimental system, thiimits the study to
currents for whichr, < 8r,. Over this range our experimental data appear to follow
the scaling laws as proposed in equations (2.1)-(2.4) but it wil be of interest to
carry out experiments in a larger facility with much larger arrents.

2.4.4 Structure of the current

In the contour plot, gure 2.6 (a), we show how the buoyancy ig he curregt between
the source and radiusr, as a fraction of the total buoyancy, ;rgthdr=";" rgthdr,

varies with the position in the current, r=r,, (horizontal axis), and also with time, as
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represented by the position of the nose,,=r, (vertical axis). Similarly, in panel (b)
we show how the fractional volume of the current in the regionddween the source and
the positionr, Rg rhdr/ Ror” rhdr, varies with positionr=r, and time, as represented by
rh=ro. The black contour lines denote the position in the currenty=r,, at which the
fraction of the total buoyancy (a) or of the total volume (b) eceeds the values 0.1,
0.2, ..., 1.0 respectively, as a function of time, as represedtby r,=r,. Figure 2.6(a,b)
were calculated for experiment H, but are typical of all expenents A-L (table 3.1).

Pro les of the dimensionless vertical integral of the buoyancynd of the dimen-
sionless depth, as given by

gh(rt)=(gh)n(t) and h(r;t)=hy(t) (2.6)

have been averaged over the time during which:2< r ,=r, < 7, for each of the
experiments A-L. The time-average pro les are shown as lightrgy lines in gures
2.6(b,d). The ensemble average of these pro les are shown as fiodid black line, and
the standard deviation associated with the di erence betweerhe individual pro les
and this ensemble average is indicated by the blue line.

The strong vortical motion in the leading part of the current @n be seen to have
an important in uence on the pro les; there is in fact a local mnimum in the depth
integrated buoyancy in the region & < r=r , < 0:9.

Figure 2.6b shows that forr > 2:5r,, the contours of constant fractional volume
have an approximately constant position in the current as thewrent advances and
grows (gure 2.4a). However, gure 2.6a shows that there is somvariation with time
of the position within the current at which di erent fraction s of the total buoyancy
of the current occur. In particular, as the current advance$orward, a progressively
larger fraction of the buoyancy appears to be left in the wakef the ow. The line
of triangles in gure 2.2, located atr  0:7r,,, seem to delineate a transition from
a deeper active part of the ow,r  0:7r, to a shallow wake,r < 0:7r,. Figures
2.6(a,b) also illustrate that while 25 < r ,=r, < 7, this active leading part of the
current, 0:7r, <r <r ,, accounts for about 75% of the current volume and in excess
of 75% of the buoyancy of the current. Owing to the slow loss of byancy from the
front of the current into the wake ( gure 2.6a), the current is not strictly self-similar.
However, given the scalings in the head of the current ( gures.£, 2.5), and given
that the contours of fractional volume of the current are appximately independent
of time for 25 <r ,=r, < 7 (gure 2.6b), it is of interest to compare the data with
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some new self-similar solutions of the depth-averaged equatonrhich account for the
entrainment in the head (2.3).

2.5 A depth averaged model

By applying the Boussinesq approximation and considering the gainment occurs
at the head of the inviscid ow, the local equations for the massmnmomentum and
buoyancy conservations are in the form

r u=0; (2.7a)
@ _ :
@g uru=r p+ g (2.7b)
@ 0_n-
@t+ urg-=0; (2.7¢)

where the velocity of the uid in the axisymmetric case is givey u = uft + w2. The
equation for conservation of mass of the current (2.7a) in thexsymmetric case is
1@, Q@w_

rar @z (2:8)

Using Leibniz's rule, the no-penetration conditionw(0) = 0 and knowing that the
motion of the top surface of the current is given by

@h @h

= + - = : .

ot u(h) ar w(h); (2.9)
the continuity equation, (2.8), can be integrated across theepth of the ow, h, to
obtain

—+ ——r1 udz=0: (2.10)

We then consider ther-momentum equation in the conservation form (2.7b). Combin-
ing this with (2.8), the r-momentum equation becomes

@u, 1@+ @uw_  1@p

(2.11)

@t r @r @z = Q@f
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The pressure gradient term can be taken to be hydrostatic as therent is considered
to be long and thin, we then write
Zy Zy
p(z;r;t) = po(r;t) + ] 0gdz%+ ] 0g%dz° (2.12)
where po(r; t) is the ambient pressure along a horizontal surface of height where
H>h, ,isthe ambient density andg®= g( 0)= o IS the buoyancy. We can then
integrate the r-momentum equation across the depth of the owh.

Zh"@u 1@r6# _ ‘ni@p
» @i 1 @r dtuhwih= =Tz (2.13)

Using Leibniz's rule on the LHS and substituting (2.12) into the RHSof the (2.13)
with the aid of Boussinesqg approximation implying o= 1 everywhere except in the
buoyancy term, this leads to

Zh 1 @%h h h
gto udz + rgr . ru2dz  u(h) gt+ u(h)gr w(h)
, . (2.14)
L0y N0
0 @I' z @r

The term in the bracket on the LHS is zero as suggested by (2.9). iBhleads to the
nal form for the momentum equation as
z z
@“ " 1@°" h
=  udz+ == ruidz= = Mz%z —=2 2.15
@to r @ro @ro z g @r ( )
Lastly, we can integrate the buoyancy conservation equatiorceoss the depth of the
ow and combine this with the continuity equation (2.8) and the boundary condition
(2.9). This results in
Z z
@~ h o @~ h
—= z+ — ugz=0: 2.16
@to g @r o g ( )
Based on the equations (2.10), (2.15) and (2.16), we may writee conservation of
mass, momentum and buoyancy equations in terms of shape factor and and
the vertically averaged radial velocity,u as follows (cf. Bonnecazet al. 1995; Chen
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1980)
@h 1@rhu) _
6T o =0 (2.17a)
@hu) 1@rhu?) @ h’® hap
ottt ar - o ~ar (2.17b)
@hg)  @hgl) _
ot ' ar -° (2.17¢)

where is a representative densityp, the pressure, and the depth averaged properties
are de ned as

Z
hu = udz ; (2.18a)
0
Zh
hu?=  u?dz; (2.18b)
0
Z
hg?= g4z ; (2.18¢)
z
hgu=  ug¥dz and (2.18d)
0
ZnwZp
h 2gqr;t) = g4r; z; t)dz%z: (2.18e)
0 z

In contrast to earlier models (Bonnecazet al., 1995; Chen, 1980), we have included
the coecients , and (2.18) which arise from the vertical gradient of the hori-
zontal velocity and the buoyancy in the ow, as illustrated in gures 2.2 and 2.3 (cf.
Kneller & Buckee 2000). and represent the advection speed of the reduced gravity
and momentum relative to that of the vertically averaged ow In principle these
coe cients may vary along the direction of ow, for example n the nose region.

As a result of the entrainment (2.3), we can integrate (2.17) teshow that the
vertically averaged mean uid speed at the frontu(r,) is given by

wdarn

u(rn) =(1 T (2.19)

This relation is consistent with the entrainment which occursn the nose since there
is a vertical shear in the ow (gure 2.3). The conservation of moyancy requires that
z,
2 rh(r;t)gqr;t)dr = B: (2.20)
0
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Guided by the scalings given in (2.1) - (2.4), it may be shown than the simpli ed
situation in which ; and are assumed to be constant and independent of position,
then these equations have self-similar solutions of the form

1
o 4

h(r;t) = HH . i (2.21a)
n
B To f o,
gqrt) = G ;. ; (2.21b)
u(r;t) = UB™t z: (2.21c)

where = r=r,(t), ro(t) = RB¥™t¥ and!, G H; and U are constants. Equations
(2.17a), (2.17¢), (2.19) and (2.20) then require that

2
GH= R? ; (2.22a)
= (12)R : (2.22b)
= 11 ; (2.22¢)
I = 84,, ! and (2.22d)
— R .
Fr= Geme (2.22€)

Note that this solution is consistent with (2.17b) and can be usedtdetermine the
pressure.

Given we have foundR = 1:28 0:.05 and" = 0:33 0:09 (gures 2.4, 2.5),
the solution (2.21)-(2.22) suggests that) = 0:42 01, =(1 ") '=15 02,
Fr=1:0 0:1and! =3:3 1. This estimate for the Froude numberfFr =1:0 0:1
overlaps with the independent measurement dfr shown in gure 2.5b, Q86 0:07,
although is a little higher.

These simpli ed similarity solutions which conserve the total bayancy, do there-
fore capture the speed and the buoyancy of the front, as well tee gradual increase in
the total volume through entrainment. In gure 2.6(c, d), we compare the dimension-
less solutions 2.2h(r;t)=h(r,;t) = ' and g¥r;t)h(r;t)=gYr,;t)h(r,;t) = 2 with the
experimental measurements of the depth and vertically avegad buoyancy along the
current (2.5). As expected, the simpli ed solutions do not captre the full structure
of the head, which is strongly in uenced by the recirculation but they do predict
an increase in depth and buoyancy towards the front of the owlt may be that by
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accounting for some variation in the shape factors ; in the head of the current,
more of the structure may be determined, although this is beyad the scope of our
measurements. Also, as, increases, gure 2.6a suggests that the ow evolves from
such a self-similar constant buoyancy solution owing to the graduloss of buoyancy
from the head into the wake (cf. gure 2.6a).

2.6 Discussion

We have presented a new suite of experiments in which we measune nose speed
and the depth and evolving buoyancy throughout an axisymmetr gravity current
produced by the release of a nite mass of dense uid from behind lack gate. We
nd that as the current advances it entrains a fraction 033 0:09 of the ambient
uid which is displaced over the head of the ow. The current ircludes a region of
recirculation near the head, which drives this mixing. To god approximation, the
position and depth of the head follow the scaling laws,  (1:28 0:05)B ¥t
h, O35H (ro=r,)*=* and the e ective Froude number of the head of the ow is about
0:86 0:07.

A depth averaged model for the ow which accounts for the endinment at the
front, and the vertical shear in the velocity and buoyancy, lads to some new self-
similar solutions which predict the increase in volume of the ctent with time, and
also the increase in depth and salt content towards the front ohe ow. However, the
simpli ed model does not capture all the detailed structure othe recirculating ow
in the head.

Our experiments have focussed on ow spreading in a sector of actér with angle
9.5 in order that we can measure the buoyancy using the light atteragion technique
(gure 2.1). Numerical simulations by Canteroet al. (2007a) for a fully axisymmet-
ric current illustrate the importance of the vortex ring strudures which stretch and
break up in the azimuthal direction. It would be interesting b develop an experimen-
tal technique to measure the mixing in such fully axisymmetric ity currents for
comparison with the present work.

The mixing process we have described has numerous implicasofor large-scale
density driven ows in nature and the environment whose Reyndk numbers are suf-
ciently high ( Re > 5000). For example, in a current produced by a sudden release of
dense gas, we predict that the concentration in the head will padly fall to 0.2 - 0.3
of the initial value as the ow spreads to distances of 6 - 7 timethe original size of
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the gas release (gure 2.2b). This modelling can thereforeform hazard assessment
associated with dangerous concentrations of the gas. The worls@ has important

implications for more complex geophysical and geologicalws, and this will form the
topic of further research.



Chapter 3

Steady ux axisymmetric gravity
currents

3.1 Abstract

We present new experiments to measure the rate of entrainmertambient uid into

a high Reynolds number, axisymmetric, turbulent gravity curent. A steady ux of
agueous salt solution is initially generated as a descendingded plume. This evolves
into a gravity current upon its impingement on the oor. It then propagates into
a diverging channel of angle 9.5 lled with fresh water resulting in e ective source
Froude numbers,Fr,, in the range 1 - 2. A light attenuation technique is used to
measure the evolving buoyancy of the ow as it propagates andixes with the ambient
uid. Dye studies are conducted to illustrate the mechanisms afixing. The front
position increases with time asy,  1:33B17t3*. Behind the head, the steady body
is observed. Time-averaged velocity pro les are estimated ngi a Radon transform
to track structures within this region. Fluid along the back s found to entrain along
the top boundary of the body region with entrainment coe cient of 0.03-0.09. At the
front, a fraction of uid being displaced by the front propagdion is entrained into the
head of the current slightly decreases from:22 0:01 to 018 0:01 asFr, increases
from 1.0 to 1.8. The front position and current depth is then cmpared to a previously
proposed theoretical model (Johnsoet al., 2015).
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3.2 Introduction

Turbulent gravity currents arise when dense uid spreads undegravity along a hori-

zontal boundary displacing a less dense uid. Gravity currentare found in many en-
vironmental and geophysical ows including the dense gas owtonts between warm

and cold air, dense ash ows and turbidity currents on the sea ao(see Simpson,
1999). There have been many studies of dynamics of such ows ugsia combination

of mathematical models and experimental techniques to undgand the dynamics of
these ows (Kneller & Buckee, 2000; Prandtl, 1952; Simpson, 199Sparkset al., 1997).

In studying the motion of gravity currents, there are end membemodels represent-
ing currents produced by a sudden release of dense gas follonamgexplosion, or a
continuous source of dense uid from a large reservoir.

Many experimental studies have focussed on two-dimensional ewpreading along
a ume, generated by the release of a nite volume from behind lbbck gate (Fragoso
et al., 2013; Hackeret al., 1996; Sher & Woods, 2015; Shiat al., 2004) or, in some
studies, a constant ux of dense uid (Hogget al., 2005; Linden & Simpson, 1990).

An important aspect of experiments measuring the dynamics of ayity currents
is that there is a substantial amount of mixing of the ambient ud displaced by
the ow into the head of the ow. Sher & Woods (2015, 2017) havestudied this
dilution in two dimensional gravity currents produced by a nite volume release and
a continuous source of dense uid, while Hallwortret al. (1996) and our works in
chapter 2 measured this dilution in an axisymmetric current ppduced by the release
of a nite volume of uid. Hallworth et al. (1996) also found that with a constant ux
of source uid, the density of the head remained relatively hig and that it was not
diluted to very low values through mixing. However, there wagvidence of mixing.
Numerical models of axisymmetric gravity currents (Cantereet al., 200b) have also
found that there is mixing of ambient uid into the ow. Here we present a series
of new experiments using a light attenuation technique to meare the dilution of a
gravity current produced by a constant localised source of densgd which spreads
to form an axisymmetric current.

There have also been a number of theoretical models proposedithie literature
in which it is assumed that there is no mixing of ambient uid into the ow. The
models also assume that the velocity and density are independesit depth within
the ow. This leads to governing equations in which the charm&eristic speed of mass,
momentum and buoyancy within the current are the same. It hasden shown that
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with uniform vertical pro les, the model does not admit similaity solutions with the
scalingr,  B*t3# for the position of the nose. Slim & Huppert (2011) and Johnson
et al. (2015) proposed a model in which there is a discontinuity in theurrent just
behind the head of the ow. This leads to the prediction that he head advances at a
rate which scales as,, B/™°Q,¥t*, while the tail of the ow assumes a steady
structure supplying uid to the head. The predictions of such mdels can, however,
change fundamentally if the density and velocity are not unidrm with depth in the
current, or if the mixing of ambient uid into the head of the ow is included in
the shallow water formulation. Measurement of the actual progrties of the ow in
experimental gravity currents can provide information abat for the nature of such
mixing and the vertical structure of the ow.

Although these ows have been studied in some detail, there renmasome funda-
mental questions about mixing of ambient uid into the current and the e ect of this
dilution on the dynamics. High resolution digital cameras can pasure changes in
light attenuation through a gravity current containing dye. In turn this can be used
to make a map of the evolving density structure of a gravity cuent. Together with
measurements of the vertical structure of the horizontal vetaty in a gravity current,

a picture can then be developed of the ow and mixing within a@vity current. This
is the purpose of the present experimental work.

3.3 Experimental method

A series of laboratory experiments were performed in a Perspeadial sector tank of
angle 9.8 with maximum length of 300 cm (gure 3.1). The tank was lled with fresh
water to the height of 36 cm. Saline solution of a known salt coantration, and hence
density, was pumped into the tank through a hose directed vedally downwards with
the nozzle tip located at 9 cm above the oor and a radial distare of 5-8 cm from the
central corner of the tank. With the supply ux of dense uid, a downward vertical
jet is formed and is then converted into a gravity current one the jet reaches the
bottom of the tank. The initial buoyancy associated with this sarce uid is given
by gjo =9(s w)=w Whereg is the acceleration due to gravity, s is the density
of the initial saline solution and ,, is the density of the fresh water (ambient uid).
Subscriptj denotes the properties of the jet source. The mean ow rate waslculated
from the volume of uid being fed into the experimental tank @er the total time for
each experiment and converted to the equivalent ow rate peradian, Q;, as reported
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Fig. 3.1 Schematic diagram showing the top and side views of the expenental tank.

Exp. g’ Qi o0 Qo Fro HFr,i hRci type
10° 10° of
(cms?) (cm3s trad ) (cms ?) (cm3s lrad ?) experiment
A 84.07 1.12 14.15 6.63 1.15 0.81 1.31 a
B 69.36 1.06 12.03 6.11 1.11 0.77 1.32 a
C 54.84 1.07 9.58 6.14 1.21 0.79 1.34 a
D 46.21 1.10 7.24 7.02 1.16 0.74 1.29 a
E 26.29 1.09 4.29 6.69 1.44 0.72 1.30 a
F 12.26 1.15 1.72 8.19 1.51 0.65 1.25 a
G 69.36 1.71 21.96 5.42 1.09 0.92 1.37 a
H 41.89 1.65 11.26 6.15 1.29 0.88 1.38 a
I 12.26 1.67 2.48 8.24 1.75 0.75 1.34 a
J 26.29 2.58 n/a n/a n/a nla n/a b
K 54.84 2.17 n/a n/a nfa nla n/a C
L 54.84 2.21 n/a n/a n/a nla n/a b,c

Table 3.1 Table of experiments illustrating the range of initial volu metric ux and buoyancy

used in this study. The quantities Fro, Rc and Fry are properties of the current which are
de ned in section 3.4.1, 3.5.1 and 3.5.2, respectively. Intte table, for each experiment, we
list the asymptotic values of Frp, R, for £> 5. The colour codes given for experiments A-|

are used in the subsequent plots in this chapter.
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in table 3.1 and the source buoyancy ux can be determined fromte product of the
two, B, = gjOQ,-. On entering the tank the uid descends from the nozzle to forna
forced plume, which entrains some ambient uid. As this reaclsethe base of the tank,
the ow begins to spread radially along the base of the tank foring a gravity current.
There is a considerable amount of mixing prior to the ow becoimg horizontal and
so we measure the ow following the mixing to provide the sourceonditions for the
ensuing gravity current.

To visualise and track the ow, the tank was back-lit by a matrix LED light panel
(W&Co Displays and Signs). A series of images of the experimehtaurrents were
taken using a D90 RGB DSLR camera (2 photos per second with shuttgpeed 1/100
s, 4.8 aperture and ISO 400) located approximately 6 m away frothe tank.

In each experiment, a known amount of red TRS food dye was adt¢o the
agueous salt solution. The instantaneous height of the curreti(r; t), can be measured
based on a threshold light intensity (appendix A). As the current rixes with the clear
ambient uid, the dye intensity falls. The amount of light absotbed by the dye depends
on the concentration. Prior to each experiment, a calibratio curve was generated
using a systematic series of diluted solutions, for each of which weeasured the light
attenuation. Following an approach analogous to Hackest al. (1996) and in chapter
2, the light intensity images were converted into dye concemattion using a MATLAB
script. The dye concentration is directly proportional to the salt content of the uid,
averaged across the tank. Since the width of the tank increasegh radius, uid with
the same dye concentration appears darker in the region of ¢gr width. Thus, the
conversion from light attenuation to dye concentration was @formed locally in each
small area spanning 1 cm 1 cm of the tank wall, using di erent local calibration
curves. The buoyancy data are span-wise averages. Given the smaalijle subtended
by the two side walls of the experimental tank, the variationn the radius across a span
is as small as 0.5% of the radius and so the data provides an appneation for the
radial distribution (azimuthal averaged) of buoyancy (chager 2). By measuring the
total mass of dye in the system compared to the original mass of direthe injected
uid we estimate the light attenuation technique is accurateto within an error of 10%
(appendix A).

To visualise how the mixing occurs, a series of additional experxents were con-
ducted in which small parcels of dye were injected into (i) ul within the current,
or (i) the ambient uid. By tracking the motion of this dye, w e obtain a Lagrangian
picture of the ow eld and can infer the process of mixing ambkent uid into the ow.
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Fig. 3.2 Photographs of the currents near the source regionr(< 85 cm) comparing the
initiation of the ow generated from high and low, Qj, in the left and right panels, respec-
tively. In (a), the head may grow as big as 10 cm compared to (b)which develop only
small head and the current appears to be laminar. Panels (c) ad (d) show a photograph
of the corresponding currents at large time. Panels (e) andf) show the height pro le at

t =12:5 20 s within the regionr < 85 cm. During this time, the head of the current has
already propagated downstream beyond the scope of the panelThe height pro les show
that behind the head, the depth of the current appears to be qasi-steady.

3.4 Experimental observations

3.4.1 Current development near the source

Once the dense uid exits the nozzle, it forms a buoyant jet thaimpinges on the
oor beneath and spreads laterally. The uid then travels hoizontally away from the
apex forming an axisymmetric gravity current. For currents th su ciently large Q;

(> 1 10 cm?’s rad 1), the supply uid forms a strong vortex at the front ( gure

3.2a). Fluid supplied from the source appears to accumulate arethe front and the
head starts to grow. After a couple of seconds, a steady body regisrformed behind
the head. Figure 3.2(c,e) shows that within this steady regigrihe height of the ow
increases approximately with radiusy, for 0<r < 60 cm. Subsequently at larger,
the height h becomes approximately constant along the length of the curreexcept in
the region immediately behind the leading front of the ow wiere it is slightly larger.
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The Reynolds numbersRe = u,h,= , whereu, is the speed of the leading fronth,
is the maximum depth near the front region and is the kinematic viscosity of the
head have been estimated to have a value in excess of 8000 foegfieriments with
Q > 1 1C cm’s 'rad 1. An experiment with smallerQ; ( 1 10* cm®s *rad ?)
has been attempted ( gure 3.2b,d,e) but the current haRe 750. This suggests that
the ow is laminar and thus, is not included in this study.

Our main interest in the present work is the evolution of the owas it spreads out
over the oor of the tank. We have therefore measured the ow r& just downstream
of this in ow adjustment region, in order to estimate the e ective source conditions
for the ensuing gravity current. In all experiments, a steady dgpening region of the
current develops in the regionr < 60 cm for all experiments (gure 3.2c) and so
r = 60 cm was chosen to be the representative radius where the invng current has
adjusted and the ow downstream evolves as a gravity current. &/de ne the e ective
buoyancy after the in ow mixing one to be the average buoyancat r, = 60 cm,

e Rrgo(ro;z)idz;

- (3.1)

where — denotes spatial averagingh i denotes time averaging and, = h(rp)i. To
ensure that the unsteady head region is not included in the calation for ensemble
average in (3.1), only data at large time whem, > 150 cm is used. The subsequent
e ective source for the gravity current after the in ow mixing zone can be determined
from B, = gjOQ,- = 0Q, as the buoyancy must be conserved. From this, we may
determine the depth averaged uid velocity atr, knowing Q, = ughor,. For each
current, the Froude numbers based on the e ective source cotidns are calculated
using

Uo

Fro= ———=:
o7 (Gho) =2

(3.2)
These e ective source conditions are reported in table 3.1 feach experiment. It is
found that although the buoyancy ux has been varied from 20 cnfs 3rad ! (exp.
) to 120 cnfs 3rad ! (exp. G), the e ective source Froude number only varies
within the range 1 - 2.
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Fig. 3.3 (a) Photographs of a saline gravity current (exp. C) illustrating the evolution of
the normalised buoyancy in the current, shown by false-coloucontours, as it advances along
the ume. Images_are taken at time intervals of 1.25 s. Evoluion of (b) the vertical integral
of the buoyancy, gYz, and (c) height, h, are shown as functions of radius on the x-axis
and time on the y-axis. Near the front, the maximum integral buoyancy tends to decrease
signi cantly while the maximum depth is approximately cons tant suggesting dilution within
the front. The inverted triangles (black/white) indicates the separation at which 65% of
total volume at each time is located. This boundary is later used in Y3.6.3 to de ne the
boundary between the head and the body of the current in our saidy.



3.4 Experimental observations 57

3.4.2 Evolution of the ow

Figure 3.3a shows the time evolution of a gravity current forg@eriment C. The false
colour corresponds to the buoyancy of the uid in the tank, nanalised by the e ective
source buoyancygl. Following the in ow adjustment region, the current becomesery
dilute relative to the source in ow, as shown in the regiorr < 60cm of gure 3.3a,
which illustrates the change in ux within the adjustment region. With time, the head
region develops a strong vortical structure that drives the dese uid to reach the front
and rise up over the head. The buoyancy of the uid within the had is always as
large asg? suggesting that dense uid from the tail reaches the head. On awing at
the front, the dense uid mixes with the ambient uid and forms a di use and dilute
wake, with g° < 0:5¢0, that can be seen along the top boundary of the current after
t=7:5s,r 150 cm.

Figure 3.3b shows the evolution of vertical integral of the bayancy to be compared
with gure 3.3c, the depth of the current, with time. The fact that the depth near
the front stays approximately constant while the vertical inegral of the buoyancy
decreases with distance from the source from approximately 1@075 cn¥s * con rms
the importance of mixing in the head region.

3.4.3 Mechanism of mixing

Figure 3.4 shows the images from a current which is initiallyyed yellow but which
becomes colourless with time (experiments K). In this expenent, red and blue dyes
are injected into the ambient uid at r = 125 and 175 cm respectively. At = 10 s,
the yellow current head displaces the red ambient uid, causgthe red dye to rise up
over the dense yellow head. A fraction of the red dye is entrad and mixes into the
head. However, this mixed uid is gradually left behind and a stak of red dye is left
on top of the continuing current in the tail region. Similar behaviour can also be seen
in the blue dye. The mixed uid (red and blue) does not penetri@ the whole depth of
the current as the bottom-most part of the current remains of snilar colour to that
supplied from the source. This illustrates that the colourless soce uid, replenished
from the source, is able to reach the head of the ow without sigrant dilution.

In gure 3.5a, we show another experiment in which the source id is also dyed
yellow, but which is replaced with colourless source uid parnwvay through the exper-
iment (experiment L), and in which the current displaces a pael of blue dye in the
ambient uid. In gure 3.5b, the structure of the current is shown in the reference
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Fig. 3.4 A gravity current initially dyed yellow but which becomes colourless with time
displaces a parcel of red dye located at = 125 cm. Red dye is entrained into the head and
travel together with the propagation of the front. The front then displaces blue dye located
at r = 175 cm. The red and blue dyes do not seem to penetrate the whel depth as the
bottommost of the current remains yellow-colourless duringthe whole ow.
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Fig. 3.5 (a) Photos displayed for 100<r < 250 cm shows blue dye being displaced by the
head of yellow gravity current. A fraction of it mixes into th e head and moves with the front
of the gravity current. At the same time, red dye is injected behind the head into the body
region but can eventually reach the front. Within the body, t he uid at the bottom appears
to travel faster than the top part which can be seen by the shea of injected red dye. (b)
The same current but is shown relative to front of the current. The advance of the red and
blue dyes are traced and shown in the corresponding lines.
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Fig. 3.6 Schematic diagram of mixing in an axisymmetric gravity current.
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frame of the head of the current. While the blue dye is being shlaced, red dye was
injected into the current at the tail approximately 45 cm belind r,,. The red uid
quickly moves towards the head and enters the head region at 20 cm behind the
leading front. The red dye continues to travel downstream andventually reaches the
leading front where it starts to roll up, mix with the ambient and recirculate. The
dense uid (red) and the wake formed by the uid left behind as he head region (blue)
do not appear to mix very intensely but appear to form two distict layers. Figure
3.6 illustrates the overall ow pattern of the dynamics of the ows in axisymmetric
gravity currents as observed in these experiments.

3.5 The properties near the front

3.5.1 Front position, rp

In order to interpret our results, it is useful to compare our redts with theoretical
models of gravity currents produced by a steady source of uidOne of the classical
approaches to model the motion of gravity currents has beeo use dimensional anal-
ysis. With a constant source volume uxQ, and buoyancy ux B,, the position of
the nose,r,(t), can be expressed in terms of the dimensional relation

rh = BEEH BIH=Q, (3.3)

where the dimensionless groupinB 3t>==Q, illustrates that the ow may depend on
both the initial buoyancy ux and the initial volume ux. The scalingr, = B 3

is consistent with the concept that the ow is independent of tle source volume ux
(Bonnecazeet al., 1995; Britter, 1979; Kaye & Hunt, 2007), but the dimensionless
group, B3*t5%=Q,, shows that the evolution of the ow can also depend on the source
volume ux, as shown by Sher & Woods (2017) in the case of a twordénsional gravity
current. Normalising the length and time scales based on the vohe and buoyancy
ux, L =(Q3=B,)*® and T = (Q?2=B2)*, the non-dimensional position of the fronts
can be written as

Pa(f) = £ () (3.4)

where L = r, and fT = t. In contrast to this conventional power law, Slim &
Huppert (2011) argued that the evolution of an axisymmetric @vity current is rather
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Fig. 3.7 (a-c) The ratio of the coe cients provided by di erent power | aws (3.6) have been
compared. Black lines in (a) and (b) show the averaged value®f the asymptotic R for
di erent experiments while R; does not seem to converge to a constant within our range of
study. (d) Deviations of R to the associated asymptotic valuesR (fimax). It appears that R¢
converges to its asymptotic value faster thanRs and R;. (e€) The time averaged (with error
bars representing standard deviation) ratios from the conentional power law: r, t3* as
a function of Fr,, for £> 5. (f) The frontal position as a function of time. The black line

shows the predictedr,, usingr, =1 13385734, For (a-c) and (e), the results from di erent
experiments are plotted in di erent colours as coded in tabke 3.1.
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non-self-similar and suggested instead that,(f) *®. Later, Johnsonet al. (2015)
commented that their solutions do not satisfy the conditions athe rear of the head
exactly. They suggested that the next largest term should also badluded which
consequently leads to the front positions to be in the form

P () = rof*™ + rnaf®> + O(f*); (3.5)

wherer,, and r,; are some constants that depend on frontal Froude numbeFEr,,
source Froude numberFr,, and source radiusy,. Exact expressions for,, and r,;
based on these parameters are shown in Y3.7.1.

In gure 3.7a, we have plotted the value of the ratioRc = *,=f**, associated
with the conventional power law, as a function of normalisedirhe, f, for di erent
experiments (shown as di erent colours as coded in table 3.1)The gure suggests
that after an initial transient, R asymptotes to a constant. The value of the constant
varies within the range 1.25-1.38 for the currents withr, of 1.0-1.8. (gure 3.7¢)
with the averaged value of 1.33. This is consistent with previs experimental studies
(Britter, 1979; Kaye & Hunt, 2007).

Figure 3.7b and c show evolution with time of the experimentalalues of the ratios
Rs = #=*® and Ry = #,=(rnof*® + rn,:1f%), which are associated with the non-
self-similar models suggested by Slim & Huppert (2011) and Johnsen al. (2015),
respectively. For the latter model ( gure 3.7c),r,, and r,; are calculated for each
experiment based on their correspondingr, (see Y3.5.2)Fr, andr,. The expressions
for the ratios associated with the three models can be summarisas

0= 10 R0 80 ro= 2O

(3.6)

Figure 3.7d shows the di erence between the scaling and the expmental data over
experiments A-1 of the three ratios to their corresponding asyptotic value calculated
for each experimentR (fiax). This is in the form

W \lﬁ L)
= 17t R(f) R (fmax) : (3.7)

N i=1 R (f\max)

where N is the number of the experimental data,R is each dierent ratio of the
experimental and predicted value ofr, (3.6) and R (fi.a) is the asymptotic value
calculated using the mean of the last 5 data points for eadR. The square root
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represents the deviation of eacR (f) from their corresponding asymptotic values. The
time series are then averaged over di erent experiments A-l.

It is worth noting that each experiment is normalised by di elent time and length
scales, leading to calculate® being valid at di erent values of f for each experiment.
To estimate the averaged pro les of the ensemble over the ningperiments ( gure
3.7d) using (3.7), we rst interpolated the data within the range f < f},.x for each
experiment so thatR can be determined at anyf'< f\,... However, with increasincf;,
there are fewer available experimental data to calculate hensemble averaged pro les.
This leads to slight anomalies af,.x of each experiments, such & 14, when the
experiment | (denoted by ) ended. Nonetheless, the ensemble averages of these

rR curves can illustrate and compare the accuracy of these di elemodels used to
describe the front propagation.

From gure 3.7d, it can be observed that all the power laws tendo converge to
their corresponding values at large time. However, it seems thR ¢ (blue) associated
with the conventional power law converges to the asymptoticalue faster thanRs
(red) and R (yellow). For example, by the timef = 5, R already approaches 10%
of its asymptotic value while the corresponding time foRs and R; to approach the
10% of their asymptotic values are af = 8 and f'= 10, respectively.

3.5.2 Frontal Froude number

By knowing the positions of the nose of the currents, we can calate the frontal
speed using the relationy, = dr,=dt. Figure 3.8a shows the result for the instanta-
neous front speed normalised by velocity scale=T = (B2=Q,)!™, as a function of
normalised time. The scaled data appear to collapse to a singleres which can be
approximated by di erentiating equation 3.4 which is plotted in the gure for compar-
ison.

We used the data from light-attenuation experiments to caldate the maximum
value of the vertical integral of the buoyancy, ¢%),, as a function of position along the
current which is found to occur near the front ( gure 3.3c). @mbining these results,
we calculate the Froude number of the head;r,, as given by

Z h(r) |
ddrtn = Fro@h)2 where @h),=max gh= gtz (3:8)
0



64 Steady ux axisymmetric gravity currents

0 1 1 1 1 1 1

(b) - . . . . . . (c) . . .

12t ] A |
= LI ’ o ° R oo : LI ° = 08 - T g
T I T LSS FS A - I

% o..o."..
0.6 5 . i | os} _
0.4 : : ' : : - 0.4 : : -
0 5 10 15 20 25 30 1 1.2 14 16 1.8
f Fr,

Fig. 3.8 \Variation as a function of normalised time of (a) instantaneous frontal velocity
together with predicted frontal velocity based on conventional scaling: r, = 1:33f%*, shown
in black line; and (b) frontal Froude numbers estimated from the experimental data. (c)
Time-averaged for f > 5 for experimental frontal Froude numbers as a function of the
e ective source Froude numbers. Colours represent resultdrom di erent experiments as
coded in table 3.1.
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For each experiment,Fr,, appear to converge to a constant of the value within the
range 0.7-1.0. The time-average#r, after f> 5 show that Fr, slightly decreases
from 0:92 0:07 to 075 0:09 with increasingFr, from 1.09 to 1.75.

3.6 Entrainment coe cients

3.6.1 Estimating velocity pro les

Figure 3.3(b,c) show that there is a regular series of fronts mog downstream towards
the front of the current. The gradient of these fronts varies Wh radius but is approx-
imately the same at all times. The false-colour contrast for thedeonts decreases at
larger r and becomes indistinguishable to the background buoyancy lwad r > 150
cm. These fronts can be interpreted as the apparent front of gheddies generated by
the e ective source which mix and become diluted with the surtanding uid. The
successive fronts can also be observed by plotting an equivaleithé series ofg® at
di erent depth, z, which is shown in gure 3.9(a).

The speed of these fronts can be determined by using Radon tramsfo(Murphy,
1986) which estimates the gradient of straight lines observed these time series of".
If we write this image as a function of radius and timef (r;t), the Radon transform
computes the line integrals of this function along parallgbaths in a certain direction.
Such a projection can be determined along any angle, In general, the mathematical
representation for the Radon transform of (r;t) will be the line integral of f parallel
to the t%axis

VA 1
R (r9= . f(r°cos  t%in ;r%in + t°%os )dt°

where 2 3 2 32 3
5 .

A% _ 4 COs sin 1

t0 sin cos t

and is graphically illustrated in the gure 3.9(b). Applying this concept to our data,
we follow the Radon transform algorithm using a built-in Matld Radon function
for image-processing which rst divides pixelsf (r;t), into four sub-pixels prior to

projecting each sub-pixel separately 3.9(c). By remapping pumage into a Radon
domain, the angle at which high-valued pixels are aligned Whave a high value in the
Radon domain since there are many high-valued pixels invotvén the integration. In

contrast, the integration along other directions will be lowr as it results from the sum
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Fig. 3.9 (a) Time-series image of buoyancyg®, at z =2 cm. Successive eddies can be seen
in the image as streaks dense liquid (blue) on top of the backgund buoyancy (green). (b)
Graphical illustration of how time-series image, f (r;t), can be transformed into a Radon
domain, R (r9. (c) Following the built-in Matlab Radon transform functio n, the image
pixels are rst divided into four sub-pixels before being remapped into the projected axis.

of both low and high-valued pixels. By detecting the angle at mch the maximum

integration occurs, we can infer this as the gradient of thedgures in the original image,
f(r;t). The angles associated with the 97% of the maximum integratis have also
been determined to give the reliability for each estimated daoinant angle. However,
as we notice that the slopes of these features, though approxitely independent of
time, seem to vary with radial distance from the source. For eadime series ofg° at

a particular depth, we used a window of 10 cm around each selected to estimate

time-averaged velocity at each depth and radiugu(r; z)i, in the region 60<r < 150
cm.

Figure 3.10 shows the estimated (time-averaged) velocity aralioyancy pro les
at r = 60;80,100 120 and 140 cm for experiment A. Our data shows that beyond
the adjustment region, the ow has become strati ed both in bugancy and radial
velocity. The maximum buoyancy is located just above the oomvhile the maximum
velocity seems to be located at a slightly higher level. Above é¢ir maximum value, the
buoyancy and velocity decrease upwards. The buoyancy pro leay reach zero slightly
above the time-averaged depth of the current (yellow line)uk to depth uctuation.
Near the top surface, tracking eddies becomes dicult as the bayancy contrast to
the background becomes small. Fluid velocity outside the owannot be measured
using our experimental technique and thus, the depth at whichhe uid radial velocity
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Fig. 3.10 Vertical pro les of time-averaged velocity (red) and buoyancy (blue) of uid within
the body region of the gravity current. The red dotted lines show the error bounds associated
with the predicted velocity pro les. The yellow lines show the time-averaged depth,h,, of
the current at the corresponding radial position. The uctu ation in depth of the current
leads to non-zero buoyancy above this height. Near the top baadary, tracking eddies fails to
suggest reliable speed of the ow. Hence, velocity pro les e extrapolated from the velocity
at z = 0:9h, and assumed to reach zero where time-averaged buoyancy reashzero. The
numbers show the gradient Richardson numberRig, associated to the two regions:z > 0:9h;
and 0:1h, <z < 0:9h;, calculated using the averaged gradient corresponding toaeh zone.

becomes zero is uncertain. One might suggest that it may be aleothe time-averaged
depth of the current as the current may drag the ambient uid &ove it. However, by
tracing injected dye parcels in planar gravity currents, She& Woods (2017) found
that the detected velocity becomes zero at about the depth aero buoyancy. We
assume that this is also true for radial velocity in our studies ahthe velocity pro les
in the regionz > 0:9h, are extrapolated based on this assumption. The di culty in
determining speed also occurs at large where the buoyancy contrast between eddies
to the background becomes small. This leads to increase in ervath increasingr, yet
the technique provides a reliable speed for the body of the ecant within the region
60<r < 150 cm for our experiments.

Using vertical pro les of time averaged velocity and concendétion shown in gure
3.10, we estimated gradient Richardson numbemRigy, at dierent radial locations

within the tail region:
dhgd =dz

" (dhii=dz)?’ (3.9)

Rig(r;z) =
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where dgi=dz and dhui=dz are determined using averaged gradients in the region
0:1h, < z < 0O:9h,. The estimated Riy is always higher than critical Richardson
number, Ri.iy = 0:25, below which the ows are expected to be unstable (Miles,
1961). This suggests that mixing within this steady tail regioris small. However, a
thin region with signi cant velocity shear may exist at the top region as shown in the
extrapolation in the regionz > 0:9h,. Rigy associated to the regiorz > 0:9n, is also
calculated and appears to be slightly lower than 0.25 withinhis region which would
suggest potential mixing along the thin layer at the top boundgy of the currents,
but possibly not throughout the whole depth of the currents. Northeless, a di erent
assumption for the velocity pro les will result in a largerRiy which suggests that the
ow is rather stable even at the interface.

3.6.2 Entrainment in the body region

Considering the steady tail region, the total radial volume w is the integral of radial
speed across the depth

Zy

Q= "rudz = ru.hy; (3.10)
0

whereu, is the vertical averaged radial speed. Using the velocity preek determined
by the method described in ¥3.6.1, radial ux of the current iseen to increase with
radius as shown in gure 3.11a. By this method, the volume ux dtermined atr =
60 cm is found to be within 15% error of the e ective source ux d ned at this same
radius, Q,, (section Y3.4.1) for most experiments. We found that the estirteal volume
ux appears to increase for all experiments and can reach a tacof 1.2-1.8 ofQ, by
r = 150 cm. We note here that the anomalously high valu€, at 100<r < 120 cm
is resulted from the error in estimated velocity in the wake ragn of the ow. Figure
3.11b shows the time-averaged depth of the current in the tawhich is approximately
constant behind the head except for experiment F whose depthgiily increase with
radius until 100 cm.

Figure 3.11c shows the approximated depth-averaged speeg,= Q,=(rh,), cal-
culated for each experiment. Although the large error assoced with estimated Q,
appears to lead to relatively large uctuation in the estimaedu,, all experiments show
a general gradually decreasing trend far, with increasingr, fromu, 10 2cms!?
atr=60cmtou, 8 3cmstatr=150cm.
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Fig. 3.11 Plots show the properties within the tail of experimental gravity currents. (a) The
radial uxes are calculated from the velocity pro les and normalised by the corresponding
e ective source uxes de ned at r =60 cm. The general trend shows an increasing source ux
with radius which can reach a value of 1.2-1.8 of), at r = 150 cm. (b) The time-averaged
depths show that the depth of each current is approximately onstant in the tail region. (c)
The depth-averaged velocities,u,, calculated from Q; = ru,h, show a generally decreasing
trend with radius for each experiment. Colours represent rsults from di erent experiments
as coded in table 3.1.
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Fig. 3.12 (a-c) Plots from experiment A showing measured time-gveragegroperties within

the tail region of (a) the normalised volume ux at di erent r adii,

rudz=Q,, and the curve

t associated with it; (b) h; and u, together with the estimated u, determined from the curve
tof Q; shownin (a), usingQ; = ru,h,; and (c) the approximation of the mixing coe cient

along the back of the current,", = (h;=Q;) (dQ,=dr), where dQ,=dr is determined from the
curve t of Q;. The radial-averaged values, within the range 606< r < 150 cm, ofh, and "y
from di erent experiments are shown as a function ofFr, in (d) and (e), respectively. The
error bars show standard deviations and the di erent experiments are plotted in di erent
colours as coded in table 3.1.
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The increase in radial volume ux re ects the result of mixing wthin this steady
tail region. If we assume the entrainment velocity is proportinal to the mean radial
speed of the ow, the change of volume ux with radius can be witen as

dQr _ .,
ar pU, I (3.11)

where " is the entrainment coe cient along the back of the current wthin the tail
region. The expression fol', can be rewritten as

. _h dQ.
T Q dr’

(3.12)

by combining (3.10) and (3.11). In order to estimate the valuéor dQ,=dr, a curve t,
whose derivative can be calculated, is determined for eachpeximent. The curve t
is shown as dashed yellow line in gure 3.12a for the experimeAt compared to the
data (blue) as an example.

Figure 3.12c shows the estimateti,(r) using the data forQ,, time-averaged height
and dQ,=dr determined from the curve tin gure 3.12a. ", is found to be approx-
imately constant within the region 60<r < 150 cm. The radial average value df,
is found to grow, from approximately 0.03 to 0.09, with incrasing Fr, as shown in
gure 3.12e.

3.6.3 Entrainment in the front region

Using the height pro le determined from each photograph, we dermine an instanta-
neous volume of the current,
z,
V(t) = rh(r;t)dr: (3.13)
0

Normalising volume byL® and time by T shows a reasonable collapse for all the data
(gure 3.13a). The instantaneous rate of volume change,MHdt, can be determined
from the volume change at successive times. Figure 3.13b shoWsdf' as determined
from the experimental data as a function off. This is found to scatter around a
linear trend shown by a black line for all experiments. Note thain dimensional form,
d¥ =df' = (d V=dt)=Q,.

Considering the mixing mechanisms, the volume change of the pemts comprises
three parts: the source ux, the ambient uid entrained along te top boundary of
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Fig. 3.13 (a) A plot of normalised volume with normalised time shows that the chosen
length and time scales can successfully collapse the experental data. The black line shows
the source volume of the current based on the supply rateQ,. (b) A plot of volume change
in time based on the data. The linear best t (black line) is chosen to describe the general
trend for experimental volume change. (c) The estimated valime uxes associated with
di erent parts of the currents. The crosses ( ) show the approximated volume uxes being
displaced by the advancing fronts, roh,u, while the dots () show the estimate volume
uxes being supplied behind the heads atrs(t). (d) The mixing coe cient near the front,
"n =0:20 0:04, is estimated from the volume change of the data. The mixig coe cients
converge to a constant for each experiment but slightly varyfrom one experiment to another.
(e) The time-averaged", for £> 10 from di erent experiments are plotted as a function of
Fro. Colours represent results from di erent experiments as cded in table 3.1.



3.6 Entrainment coe cients 73

the ow and the ambient uid entrained due to circulation near the front. The rate
of change in current volume can then be written as

dv ZE

9t Qo+  purdr + ",Qy (3.14)

fo

where",, is the fraction of ambient uid ahead of the nose, denoted by yome ux Q,,
that can entrain into the current. *gu,r is the local entrainment velocity of ambient
uid along the current-ambient boundary arising from the sheainstability at r with
the vertical averaged radial ow velocityu,, which will be integrated fromr, to rg, the
location of the back of the head ( gure 3.6). The rst term repesents the constant
volumetric ux feeding the current following the adjustmentat the in ow.

Provided that the location of the rear of the headys, is known, the second term
of (3.14) can be simplied toQ,, Q,. However, it is di cult to determine r¢ based
on the apparent depth due to the time-dependent billow struetre shredding from
the rear of the head into the wake region. Instead, we assume thidte head region
maintains a certain proportion of instantaneous total volure at all time. Assuming
65% of total volume is located within the head region, the bawdary seems to bisect
the downstream advancing eddies region from the region of Ibiv shredding behind
the head as seen in gure 3.3(b,c). As a result, this criterion igsed to determiners.

The volume ux of uid being displaced by the advancing front @an be estimated
according to (see Y2.4.2; cf. Sher & Woods, 2015),

Qn = rnhpUn; (3.15)

and is shown in crosses in gure 3.13c based on our experimentatadéor u, (gure

3.8a),r, (gure 3.7f) and h, (de ned as the maximum depth within the front region).
Using this de nition for volume ux displaced by the head and thevolume ux supply
from the body region to the head, (3.14) can be written as

dd\t/ = Q.+ "nrphpup: (3.16)

Using Q,. determined from the curve t of Q, for each experiment ( gure 3.12a), dots
in gure 3.13c shows the estimated volume supply rate in the heday the uid in the
body region, &/=dt Q.. The mixing coe cient within the front region can then
be calculated ( gure 3.13d). Our data show that,"s, increases withf' but starts to
level o to a constant value afterf 10 for each experiment. It seems that the initial
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growth of the current at the early time is mainly described by lhe e ective source
ux, Q,, as seen in gure 3.13 when comparing the volume of the detedtgolume
to that of the supplied volume. Figure 3.13e shows the time-ansged", after f> 10
as a function of Fr, and is found to decreases from:®7 0:02 to 013 0:01 with
increasingFr, (from 1.11 to 1.75).

3.7 Comparison with theoretical models

3.7.1 Mathematical considerations

Slim & Huppert (2011) developed a model for the evolution of asxisymmetric gravity
current, comprising a steady tail region connected with a hearkgion that can be
solved using a similarity solution. Subsequently, Johnsoet al. (2015) showed that
the similarity solution within the head region does not fully &plain the evolution of
the currents and re ned the model by including the next leadig order terms; however,
the mixing of ambient uid into the head was neglected. In ths section, we follow the
mathematical considerations used in their models which wilhen be compared to our
experimental results in the followeing section. The mathematal parameters are non-
dimensionalised using the length and time scalds,= ( Q3=B,)*™® and T = ( Q4=B3)¥*>,
respectively, although the hat symbols’y associated with the non-dimensionalised
parameters are omitted in this section.

Assuming the entrainment of the ambient uid to be negligible, he mass and
momentum conservation equations for axisymmetric gravity avents are in the form

@h 1@ —n-
at F@I(rurf:) =0; (3.17)
@ 1@ @ h* _ .
@t(hu)+ rar ruch + ar 2 =0; (3.18)
with the boundary condition
p_
u =Fr, h; at r=r,(t): (3.19)

Based on the numerical solution, Johnsoet al. (2015) argued that the solution is
not in a similarity form, but rather consists of a region of steadynner tail connected,
through a discontinuity, to a frontal region that evolves wit time. Using this argument,
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the two conservation equations at the steady tail region will @&come

d

i (rurf:) =0; (3.20)
d v _
5 5 *th =0 (3.21)

with the knowledge of the source conditions

2
ruuh=1 and u—2r+ h=E at r=r, (3.22)

wherer, is the source radius. These source conditions represent the constamass
ux and the energy density (Bernoulli constant), respectively Writing u, in terms of
the source Froude numbery, = F, h at r = r,, they obtained an expression for the

Bernoulli constant as
_ Fry®=+(1=2)Frg=

2=3
lo
Accordingly, they derived the solutions for theu, andh atr  r, which can be written
in the form

E

(3.23)

u(r)=R2E)*¥+::; and h(r)= 5 (3.24)

(2B) =2 .
r

Johnsonet al. (2015) showed that the solution involves a steady tail region wth
merges into a moving head. They modelled the transition intohie head as a shock
front, and that the head extended ahead of this transition by anite distance to
the front of the ow (gure 3.14). Using the two conservation eqations across the
discontinuity at r = rg(t), which is moving with a speedu,_, the two equations can
then be written as

[(ur  u)h] =0; (3.25)
2

u(ur u)h+ 5 =0: (3.26)

s

Considering the largest term in the equations, they anticipatéthat r, and rg grow as
t4>. However, by including the next largest term that was omittedn Slim & Huppert
(2011)'s formulation, they showed that this term will be di erent from the leading
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term by O(t '*°). By this argument, they derived expressions for the positionsf the
front, the shock, the radial velocity and the height atrs <r <r , in the form

Fn(t) = Fot®™ + rp t®=> + o (3.27)
rs(t) = reot®™ + reit®>+ 11 (3.28)
Ur(rt) = roUp( )t 2+ rpUg( )t 22+ o (3.29)
h(r;t) = r2 Ho( )t 22+ rparoH( )t =+ (3.30)

wherero; 'h1; rso andrg; are constants to be determined and = r=r,,. By considering
only the leading-order terms, the mass and momentum consenati equations (3.18)
can then be written as

2 4
g Ho g PHE+( UHo)°=0; (3.31)
1 4
o U+ U,U+ HS =0; (3.32)

where the primes denote di erentiation with respect to . Di erentiating (3.27) and

applying the boundary condition,u(r,) = Frnp h,, they showed by rst considering
only the leading-order terms and then including the next leding-order terms that

4 16

24
Uo(1) = gi Ho(1) = W;
n

25Fr2’

U(1) = 2 and H(1) = (3.33)
The speed of the shocky,,, can be determined by dierentiating (3.28). Using
this result and considering the leading-order expressions fooraition of the shock,
(3.25, 3.26),Uy( s) and Hy( s) can be written as

4 2(2E) 12
U( s)= = s and Hy( ¢)*= (57); (3.34)
5 rno S
where s = rg=r, = rg=rno. By integrating (3.31) from = ¢ to 1 using the values
for H, and U, evaluated at =1 and ¢ (3.33, 3.34), it can be deduced that
Z 1 4 1
g Hod = é 2H0 UsH o =0; (3.35)

S s
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which will be true only if r,, = rg, SinceH, > 0. From (3.34), it can be shown that

s _ 5 _ BFriER?

Mo = Tso 213=2

(3.36)

In order to determine the values forr,,; and rg;, Johnsonet al. (2015) evaluated the
shock condition to the next order and showed that

2 OFr2

2 9Fry - 6 9Fr2
~ 8r3,Ho(1)

2= g3 h) (3.37)

M1
The ODEs system for conservations of mass (3.31) and momentum &3.8an then be
solved numerically using the boundary values at the front (33, to nd u, and h at
any r within the head region.

3.7.2 Comparison with the experimental data

Johnsonet al. (2015)'s model requires the knowledge of the front Froude mber, Fr,,
source Froude numberFr,, and the source radiusy,. Here we use the front Froude
number determined from the experimental time-averageBr, at > 5 and assume
the source radius isr§ = 60 cm/L. Figure 3.14 shows the predicted height pro les
for experiment C at di erenthimes calculated from (3.24) aul (3.30) together with
the experimental data forh, g%z and the vertical pro les of g°in the tail region for
comparison. These experimental data are normalised hy gL and gg, respectively.
When applying this to the rest of our experiments, it was foundhat the model
underestimated the front position and the height pro le. Thismight be because the
model does not account for the mixing between currents and éhambient uid. We
found that including t, = 3:5 s to account for the virtual time origin, t,, (cf. ¥2.4.3)
can improve the mismatch between the observable front positisrand the predictedr.
Yet, this does not seem to improve the mismatch between the prieted shock positions,
fs, to the observable rears of the head. Considering the experinial Rgodz pro les,
which is eqlé{ivalent to the pro le should no mixing occur, the pedicted height was
higher than §%2 in the head region but lower in the tail region. Yet, the predited
height at the front, ﬁ(f‘n), appears to be comparable to our experimental data for

(g%h)n=giL.
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R stz
experimental i
predicted fi
— 0 2:0)

Fig. 3.14 The experimental data for the height and vertical integral buoyancy pro les
from experiment C at di erent time. The predicted height pro les, following Johnson et al.
(2015)'s model, calculated from associatedrr, and hFr i for this experiment (table 3.1) are
shown for comparison. We also plotted the vertical proles d ¢§°at £ = 2;3;4;:: < fs. The
pro les are scaled such that they are O at their correspondilg positions and are 1 at the
positions of the next adjacent pro les.
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3.8 Discussion and conclusion

We have described a new series of experiments of the front spette depth and
evolving buoyancy throughout an axisymmetric gravity currat. Here the mixing
coe cient within the head, ", is de ned as the fraction of the ambient uid being
displaced by the front propagation that can entrain into the arrent. We found that
for a gravity current with an e ective source Froude numberFr,, within a range 1.0 -
2.0,", is approximately Q20 0:04 and shows a small decreasing trend with increasing
Fr,. This is comparable to the mixing coe cient of 0.15 to 0.30 dermined for a two-
dimensional gravity current with decreasing sourceér from 2.0 to 1.0 (Sher & Woods,
2017) though our results show less dependency Bn.,.

For gravity currents generated by continuous supply of denseuid, we found that
currents develop a strong velocity and buoyancy shear, with ¢ uid at the base of
the ow catching up with the head of the current, displacing arbient uid and mixing,
to form a more dilute zone at the top of the ow which advances ore slowly than the
head. The source uid forms a dense bottom layer which eventuglreaches the front.
Subsequently, it rolls up, mixes with the ambient uid and rearculates. Measurements
of the velocity and buoyancy in the tail region of the ow suggst that the gradient
Richardson number is an order 1-10, in excess of 0.25 across tag itegion of the
ow. Though, the radial volume ux determined from velocity pro le suggests there
is some entrainment of ambient uid along the upper surface ofe tail region with
an entrainment coe cient within a range 0.03-0.09, the entained uid may not be
able to penetrate through the whole depth of the current. TH is illustrated by the
dye experiments which shows that if mixing occurs, it only oces in the upper part of
the ow. The dense bottom ow feeding the head of the current isiot mixed by the
uid above it due to the stable buoyancy strati cation as re ected by the large value
of Rig.

Our experiments suggest the nose of the current advances s t3*. The
experimental data were compared to Johnsogrt al. (2015)'s models. Though the
mixing is ignored, it can su ciently estimate the frontal position yet does not give an
accurate detailed for the height pro les of the currents.






Chapter 4

Thermodynamics of a lava lake

4.1 Abstract

We explore the heat transfer within a volcanic conduit undertte in uence of separated
gas-liquid ow. We develop a series of analogue laboratory eaqpments in which we
measure the mixing produced by the wakes of the bubbles as thepve along the tube.
To measure the mixing we release a pulse of dye in the liquid at thase of the tube
and measure how it spreads along the tube as a continuous streambabbles pass
by. The dye is dispersed along the tube with an e ective di usiiy which depends
on the gas ux and the speed of the bubbles. By carrying out a systetic series of
experiments, we nd that the dispersivity has the form,D = 1:25d.uz™u3(ug+ Uo) *
where ugq is the super cial gas speed andi, is the single bubble speed depending on
conduit diameter, d.. The dispersivity is independent of the liquid viscosity within
the range 0.1 to 0.01 cifs 1, for which the Reynolds number of the bubbles based
on liquid viscosity and conduit diameter is in excess of 2000. Ween argue that by
analogy heat is transferred by slugs rising along a volcanic ant. We develop a
mathematical model using the experimentally determined digwsivity and we predict
the heat ux along a volcanic conduit. The heat ux is compar&le to the total heat
loss by radiation and convection from the surface of several lakes which have been
measured and reported in the literature.

4.2 Introduction

Active lava lakes are large molten bodies of lava con ned wiin a volcanic crater
and are believed to represent the exposed tops of magma pluntpsystems, linked to
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subsurface magma chambers via a volcanic conduit. Lava lakegalve active degassing
with the gas ux varying by several orders of magnitude from vigano to volcano, with
the gas ux being a few kg s! at Erta "Ale volcano (Le Guernet al., 1979; Sawyer
et al., 2008) to a few thousands kg ¢ at Ambrym volcano (Allard et al., 2016).

Without a continuous heat ux supplied to the lava, we would eyect lava lakes
to cool and solidify. However, many lava lakes have proven to fsést over decades
indicating that a large heat ux is supplied from the magma plunbing system below
the volcano. Magma convection in the conduit driven by the desity di erences be-
tween the hot magma at depth and the warm lava in the lake has ba proposed as
the main mechanism that replenishes the heat in the lava lake i@cis et al., 1993,
Huppert & Hallworth, 2007; Stevenson & Blake, 1998). Replenigig lava from depth
also provides fresh and undegassed magma that maintains the pstisig degassing
behaviour observed at lava lakes. However, acoustic studies shange bubbles burst
at the lake surface and that these large bubbles are over-pressad suggesting a deep
origin (Boucheet al., 2010; Johnsoret al., 2008). Boucheet al. (2010) proposed that
heat may be supplied to the lava lake by these bubbles if they gihate at the base
of the conduit and commented that the presence of large scaleliles within the
conduit would disturb the magma convection. However, there we no calculations or
modelling of these hypotheses.

Conduit convection has been studied experimentally using visas liquid (Beckett
et al.,, 2011; Huppert & Hallworth, 2007; Stevenson & Blake, 1998). Hower, with
low to intermediate viscosity liquid, the ow within the conduit tends to mix and the
simple convective cells of very long vertical extent are noriger observed. Although
the experiments have shown and quanti ed conduit convectioan occur within a
volcanic conduit, they assume that gas and liquid ow togethewith no bubble slip
relative to the liquid. On the other hand, as the bubbles in@ase in size, the slip
velocity increases. However, many experiments on liquid-gagpaeated ows within
a vertical conduit tend to focus on predicting bubble dynands, void fraction and
pressure drop due to vesicularity within the conduit (Pioliet al., 2012; Seyfried &
Freundt, 2000).

The aim of this study is to explore the role of large bubbles risg through the
conduit in transferring heat from the base to the top of the condit. We use a light
attenuation technique to quantify the speed at which dye - icted at the base of
the conduit - rises along the conduit, even with no net ow of Quid in the conduit.
We argue that the dispersive mixing of the dye by the bubbles isnalogous to the
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dispersive mixing of heat along a conduit subject to a continugustream of bubbles
and we show that this can lead to a net heat ux even with zero nepw.

4.3 Experimental Method

Experiments were conducted in a vertical cylindrical condtiof an internal diameter
of 3.7 cm and 3.5 m long. A section of the pipe 3.1 m long was bditkby an LED
light panel (W&Co Displays and Signs). A continuous supply of aiwas provided
by peristaltic pump through an inlet attached at one side of theconduit wall 20 cm
below the viewing area. The system allows air ow in the range @.to 64.9 cni s 1.
A few experiments were conducted using a compressed air line gvhallows a larger
ow up to 107.8 cn® s 1. The conduit is lled with either water or aqueous glycerol
solution to vary the kinematic viscosity, , within the range 0.01 to 0.1 crAs *. The
density of the glycerol solution was measured for each experm@sing a pycnometer.
The viscosity of the solution is calculated from its density andemperature before
each experiment using a formula proposed by Takamumet al. (2012) except for the
experiments with water whose viscosity was taken to be 0.01 ém 1.

For the light attenuation experiments, video clips were take with a Nikon D5300
RGB DSLR camera located 3 m from the conduit. Two-phase ow was initiated
by pumping in air to the stagnant column of colourless liquid oknown viscosity.
The experiment persisted for at least 30 s to ensure the equilibm was reached; at
this point, 20 mL dye solution of known concentration was inged at the bottom
of the conduit through a small hole opposite but slightly abovehte gas inlet. The
video frames were processed and analysed using a Matlab script t&teimine cross-
sectional averaged concentration using a calibration curvédtained by measuring the
light attenuation of the conduit when 20 dierent known dye ®ncentrations were
added to the liquid.

4.4 Results

4.4.1 Qualitative descriptions for mixing in the wake

The bubble size and shape are found to depend largely on gas ukt low ow rates,
we observe bubbles rising in the form of clusters of 3-5 bubblezch. With greater gas
uxes, bubbles in each cluster are observed to be larger and etigally merge into one
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Fig. 4.1 Photos of dye mixing due to gas ows in a vertical tube. Dye orginally located at
the bottom of the tube is gradually mixed and transported upwards under the in uence of
bubbles rising within the conduit.

conduit-size bubble with a spherical cap shape, rising in a slugworegime. As the
gas ux further increases, the size of the bubbles became expastly bigger, but the
con nement due to the conduit wall forces the bubble to elorage along the direction
of the stream, leading to bubbles which resemble Taylor bublse

As a bubble rises, it displaces liquid ahead of it. The displacedyliid falls down
around the bubble, forming a down ow region between the buble and the conduit wall.
A wake region is subsequently formed in the liquid behind the lable where mixing
between the liquid originally ahead of the bubble and the ligjd behind the bubble
occurs. In general, the wake can be laminar (closed and symmel}ror turbulent (open
wake with an irregular and time-dependent wake boundary). e wake dynamics for
single slugs was proposed to depend &&g (1.43) with a laminar wake forming when
Reg < 500 and a turbulent wake forming wherReg > 1500 (Campos & Carvalho,
1988). Nevertheless, within the range of liquid viscosities used our experiments,
Reg > 2000, turbulent wakes have always been observed. The reclation of uid
through the turbulent wake leads to gradual mixing of dyed Guid along the conduit
(Fig 4.1).
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Fig. 4.2 Time series for gas slugs rising in a vertical conduit. The ljuid phase was primarily
mixed with red dye resulting from the conduit mixing by the bu bble ow. The speed at which
the bubbles rise can be determined from the gradient of bublds in the plot which can be
seen to be similar for each bubble. The speed is approximatglconstant except just before
bubble coalescence, where the bubble is seen to acceleragteeper slope) to catch up with
the preceding bubble.

4.4.2 Bubble characteristics

The bubble speed, length and frequencyg, L, and! , respectively) can be determined
from a time series of cross-sectional averaged images for eagheexnent. Since air
and undyed liquid appear indistinguishable in the images, onlglata at a late stage
after the dye has been fully mixed throughout the conduit came used to determine
bubble characteristics as the liquid and gas at this stage ardearly distinguishable.
Figure 4.2 shows an example of the data for the bubble charadggic analysis. Bubble
speed can be measured from the slope of the bubble top which apse be linear
except shortly before bubble coalescence when the followingbble accelerates and
merges with the preceding bubble to form a larger gas slug. Bholle coalescence occurs
frequently at z < 100 cm but can also be observed, though much less frequently, reve
towards the top end of the conduit.

Bubble length (or slug length),Ly, can be measured by the time it takes for the
bubble to pass through the chosen height multiplied by the avaged bubble speed. It
was found to become less dependent with height at> 100 cm since the coalescence is
less pronounced beyond this height. Here the reportéd, is measured atz = 290 cm.
Bubble frequency,! , is measured by the number of bubbles passing by this same level
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Fig. 4.3 Plots for bubble length, Ly, and bubble fraction, L,=L, as a function of super cial
gas speedug. Gas ux is normalised by uyA which is found to collapse all the data from
inviscid experiments (< 0.1 cm? s ). The results from dierent liquid viscosities are
plotted in di erent colours.

TUb

Fig. 4.4 Schematic diagram showing some nomenclature used to dedged a slug unit.

within a certain period of time. Figure 4.3a is a plot for bubke length as a function
of super cial gas speed as determined by the gas ux:

Ug = \;\g: 4.1)
The slug length, L, is found to increase from @25d, to 5:5d. with increasing super-
cial gas speed from 0.15 to 10.03 cm & (corresponding to the gas ux from 1.6 to
107.8 cni s ). In the gure, slug length is normalised by the conduit diameer and
the super cial gas speed is normalised by the theoretical speetla single gas slug,
Uo = 0:35(gM.)¥™. We found from the experiment thatL follows the approximate
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relationship as

28 4.2
a U (4.2)

Our results show that the dependency df, on liquid viscosity is small compared to
the dependency on super cial gas velocity. We note, howevehat at large super cial
gas speed (hence large gas ux) the experimental slug lengthviees from this ap-
proximation. This could be because the fully developed contious slug ow, in which
there is no interaction between consecutive gas slugs, has net peen achieved even
at this height especially for a ow with large ug. The interaction between gas slugs
leads to acceleration of the following slug towards the pretiag slug and results in the
coalescence of the two which can be observed more frequentlpur experiments with
large ug. Without the interaction between gas slugs, each slug will risedependently
and the coalescence between adjacent slugs is expected to beeab (Pinto & Cam-
pos, 1996; Taitelet al., 1980). Mayoret al. (2008) suggested that the fully developed
continuous ow will be achieved at a height of at least 7@ above the in ow. We
note that this would be equivalent to 280 cm for the conduit diameter used in our
experiments, just about the height at which we made the measuremt.

Here we consider a bubble fractiorl, ,=L, whereL is the sum of the bubble length
and the length of liquid bridge connecting two consecutive gaslugs. In many studies,
L is also known as a slug unit length as it represents the length ofcamplete unit
comprising of a gas slug and liquid phase behind it. Theoretidgkhis is less dependent
on bubble coalescence, as combining two identical slug unit®wid increase bubble
length and the slug unit length by the same factor while the framon between the two
is unchanged. If we assume that the gas volume (void) fractionitvin the liquid phase
in between two consecutive gas slugs is small, for slug ow with ¢hbubble length,
Ly, and bubble frequency,! , the gas ux can be related to the bubble length and
frequency in the form

Vy = IAL i (4.3)
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As the bubble frequency passing a particular height can be re&t to the bubble

velocity by ! = uy=L, the gas ux can then be written as
Vg = UpA : (4.4)
Ug = Up: (4.5)
The plot of bubble fraction, = Lp=L, as a function ofug=u, ( gure 4.3b) shows a

slight o set from equation (4.5). However, it is still within the variation of bubble
length which is found to be as high as 0.1. Also, small slugs can badetected in the
analysis which can cause the slight overestimate for the repaodte .

4.4.3 A modelling approach for mixing process

The plot of dye concentration in az? t domain ( gure 4.5a) shows the concentration
contours are straight lines of di erent gradients meeting athe point of dye injection.
This suggests that the evolution of dye concentration can be plained by a di usion
type process. In this plot, gas bubbles are Itered out using a @adirectional median
Iter applied at each height. At each time, the lIter returns the median of values within
a given moving time window. By applying this, the anomalouslydw concentration
related to bubbles can be suppressed.

Assuming a delta function for the dye source which then di uses inta semi-in nite
domain fromz =0to z!1 , the solution for the di usion equation is expected to

be of the form

!
72

Dt (4.6)

c(z;t) = ﬁQM: exp
A Dt
whereM, A and D are the mass of dye, cross-sectional area of the conduit and the
di usion coe cient, respectively. Figure 4.5b shows a plot ofcIo t=c, as a function of
7%=t wherec, is chosen for each experiment such that the curve is normalisenl 1 at
z?=t = 0. The plot shows that the scaled concentration pro les collpse for all time.
The data can thus be used to determine the di usivity,D, given in (4.6) and shown
as a black line in the gure.
The di usion coe cient was found to depend on gas ow rates butnot viscosity,

at least within the range of viscosity = 0.01 to 0.1 cn? s ! for which the Reynolds
numbers based on bubble speed are large. HeR®, is calculated using the relation-
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Fig. 4.5 shows the concentration pro les from a dye attenuation expeiment. (a) Time series
of averaged concentration re-plotted in thez?> t domain shows a linear trend starting from
the point of injection (z = 0;t = 0). Bubbles are Itered out using median Iter over time
direction. (b) Plots of normalised concentration pro les at di erent times, shown as plots in
di erent colours, as a function of z2=t shows collapse of the data con rming a di usion-like
process for dye propagation under the in uence of bubble ow The black line illustrates the
best t which determines the dispersion coe cient, D, describing this experiment.
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Fig. 4.6 (a) Plot of normalised di usion coe cient, D=(dcug), as a function of, us=ug. (b)

Plot of normalised di usion coe cient, Duézz:(dcuguézz), as a function of, us=uy. The black
solid line illustrates the approximate t to the data expres sed in equation (4.9) and the
dotted line corresponds to the asymptotic value expected folarge u,=ugy (4.10). The results
from di erent liquid viscosities are plotted in di erent co lours.
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ship,

Re, = Yo, 4.7)

where uy is a averaged measured velocity of large gas bubbles and isnfhdo be in
excess of 800 for all experiments with < 0.1 cm? s 1. Note that Re, is based on the
actual slug speedu, in a continuous ows and can be di erent from theReg that is
based on the single slug speed,, which is a function of the conduit size (1.41).
Dimensional analysis requires that the di usivity D has dimensiond.?=T or UL,
whereL, T and U are length, time and velocity scales, respectively. We chodse= d.
and U = ug = \,=A as our experiments show thaD increases withug. This leads to
the scaling law
!
D dugf -° : (4.8)
Ug
where u, is the ascent speed of a single Taylor bubble in the case of no backod
ow determined using equation (1.41). In order to determinehe function f (u,=uy),
we plot D=(d.ug) as a function ofu,=uy in gure 4.6a. However, the exact expression
for f (U,=Uy) is not obvious in this plot. Instead, plotting D= d.Ug(U,=Uy)*? as a
function of u,=uy as shown in gure 4.6b suggests that the function seems to collapse
to a constant at largeu,=uy. However, we found that for small values afi,=ug, a slight
adjustment is required to t the data in this region. As shown by te solid line in the
gure, a reasonable t to the data is then given by the expression

3 1 3
D 1:25du, (o7)® o g g5y UIUS (4.9)
: c gl+(U0:Ug) . cug_l_uo, .

In the case of large conduit, the super cial gas speed becomes Brnampared to the
ascent bubble speed);  u,. This is likely to be the case for slug ows in a volcanic
conduit. Also it might be more convenient to Writedcusz2 in terms of gas ux, \, for
comparison with eld data. For a cylindrical conduit, A = d 2=4, we may therefore
write the empirical approximation for the di usion coe cient as

D 15V us: (4.10)
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which will be used in the following sections to model the slug osvin a volcanic conduit.
This scaling law may be viewed a® UL whereU = (uguo)%, the geometric mean
of ug and u, while L = Az d., the conduit diameter.

A conduit- lling bubble in a volcanic conduit may be unstableand break up to a
few smaller-sized bubbles as shown in a numerical study (Suckalkeal., 2010). Our
experiments with small gas uxes also show that gas bubbles maigse as clusters of
a few small bubbles ( gure 4.1) rather than one big slug which rght resemble what
it would look like when a large bubble breaks. This limit of gasux corresponds to
large u,=uy in gure 4.6b which is explained by the empirical relationstp given in
(4.10). Thus, the e ect of bubble instability has been accoumd for in our empirical
relationship.

The dispersivity law determined from our experiments can depd on the dynamics
of the ows. In our experiments, the ows are relatively inviscd with Reg > 2000. As
mentioned earlier, the ows within a volcanic conduit may beurbulent or transitional
because the physical properties of the ows (e.g. viscosity antde conduit sizes) vary
over a large range. We expect that our dispersivity law can exgh the dynamics at
volcanic conduits at least for those with largeReg. However, for a smallReg ow,
the dispersion process caused by turbulent mixing is suppressed andi erent model
might be required. As further support of the relevance of our dpersivity law, the
inertial forces overcome the surface tension &, > 100 which is found to be both
for the case of our experimentsg, 200) and for typical volcanic conduit ows
(E, > 10') (Seyfried & Freundt, 2000).

If there exists a lava lake on top of a volcanic conduit, gas bbkes will no longer be
con ned within a restricted wall once they enter the lake. We xpect that the mixing
induced by the bubble rise may be less e cient and dispersivity ngiht be lower. For
simplicity, however, we assume the same dispersivity law (4.10) thowithin the lake
and the conduit. This is valid for open-vent volcanoes, smalava lakes or when the
depth of the lake is negligible compared to the conduit lengtin which the bubbles
ascend.
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4.5 Modelling temperature pro le within a volcanic
conduit

We consider here the process of heat transfer from the magma climnto the surface
via a volcanic conduit. We proposed that the heat transfer is flough gradual mixing
in uenced by the gas bubbles rising up the conduit. However, ogproposed mechanism
is di erent from the gas bubbles-in uenced mechanism proposeearlier by (Bouche
et al., 2010) which suggested that heat is maintained by bubbly wakésat reside in the
lake and gradually lose their heat to the lake before they caseape to the atmosphere.
Provided that the Reynolds number for bubble ow within a volanic conduit is large
enough to maintain turbulent mixing which is the case for manybasaltic volcanic
systems (Boucheet al., 2010; Vergniolle & Brandeis, 1996; Vergniolle & Gaudemer,
2015), the experiments suggest that the heat budget can be gradly transported
to the shallower level by a di usion-like process, similar to thosdlustrated in our
experiments.

4.5.1 Model development

When considering the temperature change within a volcanic irduit at a steady state
for gas-magma separated ows, one might assume that the bubblesdamagma have
the same temperature at each depth. This implies that the heatxchange between
the gas and liquid happens quickly at each level. However, tieat exchange between
the melt and gas phases can be a slow process compared to the tieguired for the
bubbles to rise along the conduit. In order to model the tempature pro les within
the volcanic conduit, the temperature change of the gas andeih require separate
equations to describe each phase. This allows the two phases &vddi erent temper-
atures at a particular depth. We assume there is no mass exchartggtween the two
phases, i.e. there is no e ect of bubble growth due to dissolvedsydi using into the
bubble. Here we propose a solution for a quasi-steady state arisenewha constant
gas ux supplying a regular frequency of gas slugs that rise in akanic conduit.

For the gas phase, we consider the temperature change during tiscent of bubbles,
over a small vertical distance d, to be the result of two processes: 1) heat exchange
with the surrounding magma, Qg and 2) the work done by gas expansion, PdVj.
The conservation of energy requires that, U = Q W, where U is the change
in internal energy which will result in a temperature change fothe system, Q is the
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heat loss andW is the work done by the system. The change in temperature of the
gas phase, per unit vertical length, in a quasi-steady state cahdrefore be written in
terms of gas ux and heat ux as

M. o pd%. (4.11)

CgM- dz dz

whereTy(z) is the temperature of the gas phase,\{4=dz is the vertical gradient in gas
volume ux and P is the gas pressure. Using the ideal gas laRY = MRT, where
M is the mass of the gas an® is the speci c gas constant, we may write the work
done by gas expansion as

d\v ap d dpP dT

dz Vo dz dz Vo =V dz dz ( )
For the gas density 4, the gas volume ux can be converted into gas mass ux using
the relation 4\ = M. Although the gas mass ux may increase with height as

more volatiles exsolve from the magma, we assume the increaseha tmass ux from
this process is negligible and\ is taken to be independent with depth. Assuming

magmastatic pressure, B=dz = g, the equation can then be transformed into
d\ M. dT,
2 = - + |\[] R 9" .

Substituting this into (4.11) and rearranging the equation,we nd that d Ty,=dz is
given by

dT, m
(g + R) M,OTZg = Q Mg (4.14)
g

This allows us to calculate d,=dz at any depth if Q¢ is known. On the other hand,
the magma temperature can be related t@r using the advection-di usion equation
for heat transfer in the magma

@k _, (Dr Tw) r (UTm) + Q : (4.15)

@t m Cm

whereT,, is the magma temperatureD is the heat di usivity, u is the velocity eld of
the magma andQr=( Cn) here is considered as the heat transfer from the gas phase.
Provided that the system reaches a quasi-steady state and there i3 met magma ow,
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@FT=@tE0andr (uT,) =0. The equation advection-di usion in one-dimension in

terms of heat uxes can be written as
|

d _dT,
0= A— D— + 4.16
where Tr,(2) is the magma temperature at quasi-steady state. As illustratechithe
experimental results,D is found to be a function of gas volume ux which depends
on depth. Here we may use the empirical approximation @ for gas volume ux, \4.
Knowing that 4\ = M., we can write the empirical values foD in terms of gas mass
ux as

N|=

M
D 15 —u, : (4.17)

g
Assuming ideal gas law, 4 is expected to increase with depth due to increasing in
magmastatic pressure. The expression fog can be written as

_ Po moz
o(2) = W, (4.18)

whereP, is the gas pressure at the top of the conduit. Using (4.17) and (8)1 equation
(4.16) can now be written as a second order di erential equatn as

[ !
3 Mu, °? d2Tm 1d ngm

Q= oA T 2 3w oz (4.19)

For bubbles with much smaller diameter than the conduit diameer, d., D might be
smaller than the empirical formula (4.17). As the e ectivenes®f the mixing will
be likely to depend on bubble size, we suggest th& should be rescaled by the
bubble radius, ry,. In this case, a factor of 42=cf should be included in (4.19) when
considering the heat ux with small bubbles. This scaling implie that the bubble
rises in a straight trajectory while in fact large bubbles may scillate from side to side
and the cross-sectional area of liquid a ected by rising of a bubdmay be bigger than
the size of the bubble itself.
The theoretical approximation forQr can be explained by the heat exchange over

a boundary layer on the sur(fqace of a spherical bubble. The bowemy layer thickness
can be scaled as t I v=U, Where is thermal di usivity. The conductive
heat ux over this boundary layer for a single spherical bubbleean be written as
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Qris = mCm (4r2) T=. The conductive heat ux per unit conduit length can be
estimated by dividing this by the slug unit length (The length d a complete slug unit
comprising of gas bubbles and liquid phase behind it), = 4 u pr3=(3\4),

s !

u 3M
Qr mln (Tg Tm)@r )

- 4.20
4 gubrg’ ( )

Though large gas bubbles may be observed at the surface of thealdake suggesting
slug ow within the conduit at least in the shallow level, the hidh pressures at depth
imply these bubbles are much smaller than the conduit at deepével. Here the rise
speed of the bubble can be determined from balancing the inertand buoyancy force,

u,=0 :70’3 291y (4.21)

By using this estimate, the maximum possible speed for a sphericallible within the
conduit can be larger than speed of the gas slug (1.41) which migot be physically
sensible. In fact, bubble shape is not necessarily spherical, mag more akin to
a spherical cap, and hence the gas bubble may Il up the condudven when the
equivalent diameter, should it exist as a sphere, is much smallédran the conduit
diameter (gure 4.1). Here, we assume that the transition from arée bubble to a
con ned bubble occurs when the speed of the free spherical bublmnatches the speed
of a bubble con ned within the walls of the conduit.

45.2 Model validation

Using (4.20) as an approximation foilQr and substituting into (4.14) and (4.19), the
di erential equation system can be solved numerically to estinta Ty and T, within
the domain z,,x <z < 0. Here we impose the temperature at the source depth,
Z= Zmax = 1 km, for the melt and the gas to be identical,T; = T, = 1000 C.
Another condition is required to solve forT,,(z) as the equation is second order, we
rst set dT,=dz to be equal to diy=dz at z = Zna. This implies that at the
source, the temperature change of magma and gas are identiedlile in fact this is
not necessarily true. However, for the rst set of calculations invhich we explore the
model, we make this simpli cation. Later in the chapter, we rplace this with a new
boundary condition at the surface of the lava lake, matchinghte heat ux supplied
to the lake with the heat loss from the lake. This then leads to nediction of the
temperature gradients at the base of the conduit.
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Fig. 4.7 Numerical solutions for a model concerning heat ux due to g& expansion and
partial thermal exchange between gas bubble and liquid meK. The boundary conditions
are set forTg = Ty = 1000°C and dTg=dz = d T,=dz at z = -1 km.

Figure 4.7 shows the results based on these boundary conditiorssaming the
initial bubble size,ry( Zmax), is 0.5 m for all chosen conduit diameters and di erent gas
ux will result in di erent bubble frequency. The bubble size, ry(z), is re-calculated at
each depth based on the ideal gas laR,V = MRT . The observed temperature at the
surface is found to be hotter in the case of a high gas ux. This nde explained by the
fact that increasing gas ux leads to larger heat ux due to di usion-like process and
hence, high temperature can be maintained at the surface. \itincreasing conduit
diameter, the temperature pro les of both phases become lessgéndent with the gas
uxes. The distance at which the gas and melt phases maintain treame temperature
also increases with increasing conduit size, which could be besa the heat exchange
between the two phases are more e ective when the bubbles aret rconduit Iling
causing the two phases to remain in equilibrium.

Figure 4.8 shows the e ect of gas ux, conduit diameter and itial bubble size
at the base of the conduit on the predicted surface magma tempgure. In general,
the magma surface temperature increases with increasing gax but decreases with
increasing conduit size. This is expected as the heat may bensported up the conduit
more e ciently with a larger gas ux while it is more di cultt o provide su cient heat
maintain a high temperature in the case of large conduits.
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Fig. 4.9 Surface temperature as predicted by function of di erent dT,,=dz at z = -1 km.
The result is shown for the conduit diameter of 4 m.
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Fig. 4.10 A plot of heat supply/loss at a lava lake. Dotted lines show the estimated total
heat loss Qrad + Qconv) as a function of surface temperatureT,, for lava lake of the sizes
(from bottom to top) 100, 1000, 10000 nf. Coloured lines show the predicted heat supply
associated with di erent gas uxes as a function of predicted temperature which is varied by
changing dT,,=dz at the source depth. Dashed lines show the predicted valuet &0 m below
the surface while solid lines show the predicted values at th surface and are plotted as a
function of their corresponding local temperatures. The malel is set ford; =4 m, Zmax =
-1 km and initial rp,=1:8 m.

The predicted surface temperature is also found to decrease lwiarger initial bub-
ble radius. This can be because the heat exchange between the phases becomes
smaller with increasingry (4.20) which then leads to smaller heat ux for the melt
phase (4.16) and hence, cooler temperature at the surface. Bhsm the eld obser-
vations at di erent lava lakes, large bubbles arrive at the suace with volumes from
10-1¢ m?3, equivalent to 1 to 15 m in radius. At a depth of 1 km, the temperature
of a bubble may be 1000C but our model predicts that it cools towards 900 C by
the time it reaches the surface. At a depth of 1 km, the gas dengits 110 times
larger and the bubble radius will be 4.7 times smaller than those at the surface. This
would result in bubble a radius of 0.2-3 m at 1 km deep.

In general, dii,=dz at z=  znax IS NOt necessarily identical to dg=dz. Figure 4.9
shows the variation of predicted magma temperature at the swate as a function of
the value assumed for @,=dz at z= 1 km. The calculation is shown for the case in
which d; =4 m and as the value of d,=dz at  zax ranges from 0 to 2dTy=dz. The
dependence of the surface temperature is more pronouncedhndrge gas uxes and
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small initial gas bubbles. With larger conduit size, the predied surface temperatures
become independent on initial gas bubbles and gas uxes.

Figure 4.10 shows a plot of the predicted surface temperaturs a function of the
heat supply estimated using our model. Here we set the source deptht000 m and
initial bubble size of 1.8 m (equivalent to bubble radius of 5 m at the surface). The
results for the values at the surface and 50 m below the surfaceahown in solid and
dashed lines respectively as a function of local temperaturé @t surface and at -50
m). The heat loss associated with the lake area and surface tematerre is shown by
dotted lines for comparison. The gure indicates that a largegas ux can supply a
larger heat ux at the surface. The heat ux at the surface is sligtly lower than the
heat ux at z= 50 m because the temperature gradient is smaller near the suac
as seen in temperature pro le plot in gure 4.7.

4.5.3 Additional consideration for solidi ed crusts

The heat ux associated with the di usion-like process requiresnagma to remain
in a molten state. This implies that the temperature of the mama must always
exceed its freezing point, which has been determined to bethn the range of 700-
800 C. However, the surface temperatures predicted by our modelsggest that, in
some conditions, magma temperatures can be lower than 7@D at the surface ( gure
4.8). Based on eld observations reported in the literature, suwli ed crusts have been
observed at many lava lakes (Harrigt al., 2005; Patricket al., 2016; Spampinatcet al.,
2008; Vergniolle & Bouche, 2016). Before comparing the appat temperature that
acts as the heat source for radiation and convection to the pieted temperature at
the surface based on our model for heat supply by slug ows, the temture change
across this layer needs to be included.

Considering a solid crust on top of hot molten magma, heat may beorducted
across the layer following the relation

dT

Qu = kAIakeE; (4.22)

wherek is the conductivity of the solidi ed magma, Aae IS surface area of the lake
and dT =dz is the temperature gradient across the layer. As there is no fimner heat
generation or heat lossQy must be the same as heat supply underneath and total
heat loss above the layerQag + Qeonv)-
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The lava lake activities may vary in time leading to a sluggish lpase (when the
lateral motion of the lake is slow) and a vigorous phase (whendhateral motion of
the lake is fast). The crust is expected to be thicker during theluggish phase as the
solidi ed magma has a longer residing time before it is recycleat the cracks (Harris
et al., 2005). The switching between the two modes has been previguslggested
to be related to the exchanged ow within the conduits ( gure 1.5)(Harris et al.,
2005). Yet, Patrick et al. (2016) showed that this needs not be the case at least
at Halema'uma'u lava lake. Our suggested mechanism does notwallEexchange ow
to directly in uence the convection observed at the lake surfae and an alternative
mechanism will be required to explain the switching between ¢htwo modes. The
main focus in our proposed model is the behaviour of lava lakes a quasi-steady
state and thus does not di erentiate between the di erent moeés of the lava lake
activities.

4.5.4 Transition depth to conduit- lling bubbles

Magma convection implies that exchange ows, i.e. with hot ah volatile-rich magma
rising at the core while warm and degassed magma descends near Wadl, occurs
within a conduit. This cannot be the case for conduit- lling sug ows which are

expected to occur at the top part of the conduit where the gasgis will mix and

disturb the exchange ow. However, these gas slugs are smaller &pth due to higher
pressure and may no longer be conduit- lling. Here, we suggest thbubble ascent
and magma convection may coexist if the bubble size is not larg@ough to disturb
the descending magma. Based on this argument, we de ne the tidtion depth as
the depth at which the size of a bubble, upon its rise in the condty becomes large
enough to prevent magma convection at the shallower depths. Weaerpret this to be

the point at which heat transfer mechanism shifts from magma ceaction to a bubble-
induced di usion-like process. To estimate the depth at which tare is a transition so
that bubbles become conduit- lling, we rst estimate the volune of a single bubble at
depth using the relationship,

M=V, g (4.23)

whereV, is the volume of a single gas bubble and is the bubble frequency. Assuming
that density change due to magmastatic pressure is much largerah the density
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Fig. 4.11 Plots of estimated transition depth where the gas bubble beomes conduit lling
as a function of conduit diameter for given gas ux and bubble frequency. The bubble
frequency chosen is equivalent to bubble appearance of (fro left to right) one every second,
minute and ten minutes.

change due to temperature variation within the conduit, 4 can be written as

P, m0Z.

0= o (4.24)

whereP, is a reference pressurd’, is a characteristic temperature within the conduit
and R is the gas constant. Using, =2600 kg m 3, T =1273 K, R=189 Jkg K !
(gas constant for CQ) and P, = 101;325 Pa atz = 0O for calculation, gure 4.11
shows the estimated transition depth for di erent gas uxes andoubble frequencies
as a function of conduit diametersd.. Here we assume the bubbles are spherical and
the bubble radius,r,, can be determined fromV, = 4 r 3=3. The transition depth is
chosen where, = d.=2, de ning the point where the spherical bubbles are assumed to
Il the conduit. These boundary conditions will be used as consints for the initial
bubble size and initial depth at which we begin the calculatio.
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Figure 4.11 shows that for a particular conduit size, the trangon depth is shal-
lower for a smaller gas ux compared to a larger gas ux. This ibecause a smaller
gas ux implies smaller size bubbles for a given frequency aneéiice the bubbles only
Il the conduit at a shallow level. For a given gas ux, a decreae in the bubble fre-
guency results in larger bubble radius. Hence, the bubble candmene conduit lling
at a deeper level. The transition depth can be deeper if bublsleare deformed into
ellipsoidal or spherical caps, as their radii are bigger than &t of spherical bubbles of
the same volume.

The transition depth can also be expected to be deeper in the gence of signi cant
liquid Im thickness around rising bubbles. Llewellinet al. (2012) found experimentally
that the Im thickness depends on the Reynolds number based ohé buoyancy forces,
Reg, (1.43) and the Im thickness can be as large as 33% of the condtadius for
Res . 10 but becomes smaller with increasinBez. At Reg & 10%, the Im thickness
becomes independent dkeg and converges to 8% of the conduit radius.

By combining the gas composition data, mostly determined usingn open-path
Fourier transform infrared (FTIR) spectroscopy, to the total ux of SO, routinely
measured at many volcanoes, total degassing has been reportecath volcano. Al-
ternatively, gas bubble bursting at the surface generates agstic and seismic waves
that can be analysed and related back to the bubble volumes argence, gas uxes.
It has been noticed that these estimated gas uxes based on thettex technique
appears to be lower than that measured directly using the FTIRyan order of mag-
nitude (Vergniolle & Gaudemer, 2015). It is suggested that wha the FTIR technique
measures total amount of degassing, only a portion of over-pressed gas bubbles,
originated from deep levels, is detectable by the acoustic neemement.

We note that in our calculations, the transition depth estimatel here and in further
calculations is estimated based on the radius of spherical bubb and neglegible Im
thickness around them. The estimation of the transition depthanstrains the depth at
which the magma temperature starts to drop from the temperatte associated with the
convective exchange ow. This depth can be imposed as the balary for our model
when considering heat ux associated at each lava lake, whichliMbe illustrated in
the next section.
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data assumption prediction
bubble M Ape | Crust  Tiake ZT de
period  (kg/s) (m?) (O (m) (m)

Erta 'Ale | 50 mins 0.804 910, X  700-920| 680-340 4-5
Erebus 24 hrs 0.12 1200 X  710-900| 280-140 4-5
Stromboli | 4.8 mins 0.0067 4.7 700-800| 350-240 2.2-2.5
Villarica | 18.75s 459 550 850-950| 95-50 2.5-3

Table 4.1 A summary of the bubble period, gas ux and lava lake used in hat balance

analysis based on our predicted heat supply due to bubble ow. The condition for a 10

cm solidi ed crust on top of the lake is included when the heat balance suggests a lake
temperature of lower than 700-800 C. The conduit diameter, d, is then predicted based on
this analysis for each lava lake.

4.6 Application to geological problems

In this section, we apply our proposed model to some lava lakesavh the information
about gas uxes and bubble frequencies are available. The dwl is used to predict
the surface temperature which can be compared to the heat lostimated by the lake
surface area. Based on further assumption about information abithe molten magma
temperature below solidi ed crusts, the information about theconduit diameter can be
estimated. The lake surface temperature and surface area candizserved, measured
and interpreted directly, whereas the studies on gas uxes drbubble characteristics
require more complicated instruments and interpretations. fie detailed studies about
degassing and bubble characteristics are, therefore, more itieal at many lava lakes.
Hence, we only present data at a couple of lava lakes where botpés of studies
are available. Table 4.1 summarises the predicted, and zr at Erta "Ale, Erebus,
Stromboli and Villarica. We later show that based on conduit dimeter estimated by
Burgi et al. (2014), our model can also be used to predict the bubble frequsnat
Nyiragongo.

4.6.1 Erta Ale

At Erta "Ale lava lake, the surface of the lake was observed to bedical of lava

lakes and consists mostly of one to several cold plates. In Decemb@04, however, it
became completely solidi ed consisting of four hornitos, wheithe lake degasses. At
this time, the lake level was at high level ( 88 m from the crater oor) and had a very

large area ( 2-3 10" m?) (Vergniolle & Bouche, 2016).
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Near surface bubbles were reported from the observations in 20 have the
gas volume in the the range of 36-700 frbursting every 40-60 mins (Bouchet al.,
2010) which is equivalent to a gas ux of 0.01-0.3 fns 1. The total gas ux of
8 kg s ! measured using open-path FTIR was reported for the observatidn 2005
(Sawyeret al., 2008). Based on this data and assuming gas temperature of 6&80and
atmospheric pressure (101,325 Pa) suggests a gas ux of orde30 m® s *. This is
much larger than the gas ux determined from acoustic measuresnts. However, the
total gas ux at the lava lake has varied quite signi cantly throughout the history with
the lowest value of 1.38 kg s reported in 1973 (Le Guerret al., 1979). Also, it has
been argued that acoustic measurement only detects active oygessured bubbles that
originated at depth while the open-path FTIR measures the tatl degassing (Vergniolle
& Gaudemer, 2015). Based on the reported gas ux at an active pbat Erta "Ale
(Oppenheimer et al., 2004) compared to the fumerollic passive degassing within a
nearby crater, Vergniolle & Gaudemer (2015) approximatechat the active degassing
from bubbles rising through the conduit will only be 7 times smi&er than the total
gas Ux.

The surface temperature and area of the lava lake have been ogjged in several
studies since 1973, showing variations from 910 to 760G for the lake area and 200
to 600 C for the radiative temperature (Le Guern, 1987; Oppenheimeet al., 2004;
Oppenheimer & Yirgu, 2002; Spampinatceet al., 2008). The maximum temperature
of 1174 C is observed at cracks in between solidi ed lava crusts (Oppeeimer et al.,
2004).

To begin our analysis, we make an initial estimate of the diamete of the volcanic
conduit that feeds the lake to be possibly within the range 4-7 mThe transition
depths associated with these conduit sizes can be determinednirthe gas ux, 5.63
kg s ! (Oppenheimeret al.,, 2004), and bubble frequency, 50 mins (Bouchet al.,
2010). Figure 4.12a shows the the transition depths calculatdor gas ux at Erta
“Ale lava lake in the black line. From this plot, the transitiondepths are suggested to
be approximately at 680, 340, 200 and 120 m for the chosen coitdliameters of 4, 5,
6 and 7 m, respectively.

Using these conduit sizes and corresponding transition depths, danhined from
gure 4.12b, as constraints, the prediction for gas uxes aring at the surface of
the lava lake is presented as a functional plot of predicted dace temperature ( gure
4.12b). In these calculations, the boundary conditio,,,x = 1000 C is chosen for
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Fig. 4.12 Comparison between our model and the eld data acquired fromErta "Ale lava
lake. (a) A plot of transition depth based on information of gas ux and bubble frequency is
shown in black. Three conduit diameters (4, 5, 6, 7 m) are chan in order to calculate the
heat ux at the surface. The transition depths at which bubbl es become conduit- lling are
determined for each conduit diameter. (b) Lines in di erent colours show the predicted heat
supply at the surface as a function of surface temperature foeach chosen diameter. This
is calculated using the correspondingzy for each conduit size, read from panel (a), as the
boundary where the temperature starts to drop from Thax = 1000 C. The solid black line
shows the calculated heat lossQ@;aq + Qconv) @s a function of surface lake temperature. The
dashed and dotted black line show the calculated heat loss asfunction of estimated molten
lake temperature when including 1 and 2 cm thick conductive slidi ed crusts, respectively.

the depth at znax = zr. This is an approximate temperature of magma within a
volcanic conduit (Harris, 2008; Harris & Stevenson, 1997).

To compare the predicted surface temperatures to the repodeheat loss at the
surface, heat radiation and heat convection are calculated a function of the lake
surface temperature and shown by the solid black line in gure #2b. Here we use
the lake area of 910 rhassociated with the lake when the gas ux was measured (Op-
penheimeret al., 2004). Assuming no solidi ed crust is formed, the predicted surta
temperatures will be the same as the temperatures of the ratiian and convection
heat source. The intersections between the predicted heat &% (coloured lines) and
the calculated heat loss (solid black line) suggests balancesvien the heat supply
and the heat loss at the lake. This leads to estimates of the lakemperatures of
400, 600, 800 and 880C which correspond with the conduit diameters of 4, 5, 6 and
7 m respectively.
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However, eld observations at the lava lake suggest that magma ppars as solid-
i ed crusts at the lake surface. Based on the total heat loss at thsurface, we can
calculate the temperature gradient across the conductiveylar. By further assumption
on the thickness of the solidi ed layer, the temperature belowhe crust associated
with the molten magma underneath can be determined using (22). We assume a
uniform characteristic thickness over the whole lake in the taulation, though we note
that it is likely that the crust will be thin near the upwelling magma, and will become
thicker as it is further away. In gure 4.12b, the dashed and dited lines show the
plots of the total heat loss as a function of molten magma tempegures in the case of
1 and 10 cm thick conductive layers, respectively. In this caltation, we usek = 1.67
W m ! K 1, proposed to be an averaged thermal conductivity for basaltsSharma,
1997). The chosen thicknesses are in the orders of magnitudeslafris et al. (2005)'s
calculation based on a mathematical model for lava ows (Hoset al., 1994) i.e. 2.5
and 8.5 cm during the sluggish and vigorous phases, respectively.

By including the temperature drop due to the heat conductiothrough a 1 cm thick
crust, the balancing points for heat loss and heat supply suggesiet lake temperatures
associated with the conduit diameters of 4, 5, 6 and 7 m to be 4520, 880 and 950

C, respectively. For a 10 cm thick crust, the predicted magma teperature increases
by approximately 50-200 C depending on the conduit size. From this analysis, we
conclude that for the crust of 1 cm thick formed at the surface, aonduit diameter
of at least 5.0 m is needed for the lake to have a temperature aegter than 720

C, which is required to keep the lake in a molten state. A smallezonduit might
also be able to maintain the molten magma but a thicker crust wilbe expected. In
addition, our model assumes that gas bubbles immediately eseaghe lake once they
reach the surface. In fact, clusters of small bubbles from the W& of conduit- lling
bubbles may reside for a signi cant period and provide additimal heat ux to the
lake before they can escape to the atmosphere (Bouahteal., 2010). However, if the
bubbly wake accounts for 20% of the total active degassing (approximated from
Boucheet al., 2010) and the gas temperature further drops by 10CC; the additional
heat ux, Q= Mcy T, will only account for 25000 W.

We note that the surface area, as well as the level, of the Erta @lava lake has
varied throughout the history. This has been explained by the¢hickness of a stable
foam layer at the top of the magma reservoir (Vergniolle & Bouwe, 2016). Since the
crater has a funnel-like shape, a higher lake level will resuit a larger exposed surface
area and lead to more heat loss through radiation and conveati processes. The
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graphical representation for the increase in the area of lavake will be equivalent to
shifting the heat loss line (the black solid line in gure 4.12) pwards. This is opposite
to what happens when the calculation includes solidi ed crust Consequently, in
order to compensate this e ect of greater heat loss such that tHeeat supply can still
balance the heat loss for a given lake temperature, our modelggests the formation
of thicker solidi ed crusts. This corroborates with the observion in December 2004
(Vergniolle & Bouche, 2016) when the lake had a very high lelvand thus, covered a
large area. The lake appeared as a solidi ed surface which weeirpret as a very thick
crust that must be required in our model to maintain the molten nagma underneath.

4.6.2 Erebus

Erebus volcano hosts two lava lakes containing phonolitic mam, which has a viscosity
as high as 1600 Pa s, the highest among lava lakes considered ia #ection. Bubbles
with diameter of 1.1 - 8.7 m burst at the surface of the lakes eweB-5 mins (Calkins
et al,, 2008). Assuming a spherical bubble, this is equivalent to buldlvolume of

0:003 1 m?, which is an order of 100-1000 smaller than the mass ux of 27.3 k
s ' ( 80 n?s ?!using the same assumption as above) as reported by Oppenheimer
& Kyle (2008) based on the FITR technique. On top of these metrseale bubbles,
several Strombolian eruptions which resulted from larger budte bursts ( 10-30 m in
diameter Peterset al., 2014) have been observed daily (Jonesal., 2008; Roweet al.,
2000). Study in acoustic wave forms estimates the mass of theseg&agas bubbles
to be an order of 18 kg (Johnsonet al., 2004). Assuming the averaged frequency
for these large over-pressurised bubbles to be 10 per day, thisuks in gas ux of

0.12 kg s, only about 1% of the total gas ux measured using the FTIR techigue
(Oppenheimer & Kyle, 2008). The eld data in 1985 and 1989 fdava lake area were
reported to be 180 and 300 mtogether with their corresponding radiative surface
temperatures of 788-903 and 574-71€ respectively (Harriset al., 1999).

While the Strombolian eruptions are believed to be caused byutsting of over-
pressurised decametre-scale bubbles originated from depth (Bisseret al., 2012; Op-
penheimeret al., 2011), the origins for smaller (metre-scale) bubbles are wertain and
possibly formed from within the lake (Peterset al., 2014). Here we apply a similar
analysis using the information from Erebus volcano, using app«ionated bubble recur-
rence time of 2.4 hours and a gas ux of 0.12 kg & associated with the gas ux of
large bubbles that cause Strombolian eruptions. The gas tratisin depths associated
with conduit diameters of 4, 5 and 6 m are estimated to be approrately at 280,
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Fig. 4.13 Comparison between our model and the eld data acquired fromErebus volcano.
(a) A plot of transition depth based on information of gas ux and bubble frequency is
shown in black. Three conduit diameters (4, 5, 6 m) are chosetin order to calculate the
heat ux at the surface. The transition depths at which bubbl es become conduit- lling are
determined for each conduit diameter. (b) Lines in dierent colours show the predicted
heat supply at the surface as a function of surface temperate for each chosen diameter.
This is calculated using the correspondingzt for each conduit size, read from panel (a), as
the boundary where the temperature starts to drop from Thax = 1000 C. The solid black
line shows the calculated heat loss@;ag + Qconv) @s a function of surface lake temperature.
The dotted black line shows the calculated heat loss as a fution of estimated molten lake
temperature when including a 10 cm thick conductive solidi ed crust.
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140 and 80 m below the surface, respectively. The temperaturethe surface is then
compared to the expected heat loss by a lava lake size of 1208, maken from the
mean surface area of the two lakes (Calkiret al., 2008). Excluding the crust on the
lake surface, the lake temperatures at the balancing pointsrfthe conduit diameters
of 4, 5 and 6 m are predicted to be approximately 400, 600 and079C, respectively
(gure 4.13). By including a 10 cm crust, the predicted lake tmperatures increase
to 710, 920 and 980C, respectively. From this, we conclude that if a 10 cm crust is
formed at Erebus, a conduit diameter of at least 4 m is required iorder to keep the
lava lake in a molten state (lake temperature of 750-850 C).

4.6.3 Stromboli

Strombolian eruptions observed at Stromboli volcano have be described to be the
result of bubbles bursting at the surface. Harris & Stevenson (18Pused Electronic
Distance Measurements (EDM), which indicated that explosive ents occur from be-
tween 5 and 15 open vents situated within the crater terrace abtromboli. Vent
temperatures between 830 and 94@ were reported based on the observed tempera-
ture of an incandescent vent wall at the two vents. Studies of thacoustic wave form
of bubbles breaking at the surface suggest the bubbles have aitedof 1 m, which is
approximately the same size as the conduit radius, with the letfgranging from a few
to tens of meters (Vergniolle & Brandeis, 1996). Together witthe bubble frequency
being 5-20 events per hour (Del Bellet al., 2012), this would suggest a gas ux of

0.01-0.2 ni s . Direct measurements made between 1980-1993 suggest a tota ga
ux of  70-140 kg s* (Allard et al., 1994) equivalent to 170-600 m s ! using the
same assumption as above. By studying gas venting activity at thelcano, Tambu-
rello et al. (2012) suggested that active degassing by these large bubble bsrsan
account for 7% of total degassing. Acoustic and seismic studies sesigthe bubble
source to be about 250 m below the surface though, it was argueat this estimated
source depth might actually re ect the point where bubbles pss a conduit disconti-
nuity rather than the depth of the origin of the bubbles (Burton et al., 2007; James
et al., 2006). Another type of non-passive degassing, known as pu ng, @unting for

16% of the total gas ux, can also be observed at the volcano (H&r& Ripepe, 2007,
Tamburello et al., 2012). Pu ng is observed to occur more frequently, once every
to 2 s (Ripepeet al., 2002).

At Stromboli, we assume that the heat supply from the mixing assaoatied with

the gas slugs balances the total heat loss within the crater t@ce comprising 10 open-



110

Thermodynamics of a lava lake

(@ o

-0.2}

zy (km)

-0.8¢

(©0

-0.2¢

zy (km)

-0.8}

-0.4¢

-0.6}

-0.4]

-0.6¢

: (b) 107
................ / Stromboli
_______ {100 2
=3
o
110°
1 2 3 4 500 600 700 800 900 1000
de (M) T/C
— (@) 10°
----------- 7 Villarica
....... A/ | /
|
. |1
I s
I =
I o
o 110"
|
|
|
L : : s : 10°
1 2 3 4 500 600 700 800 900 1000
d. (m) T/C

Fig. 4.14 Comparison between our model and the eld data acquired fromStromboli and
Villarica volcanoes. (a, c) plots of transition depth basedon information of gas ux and
bubble frequency are shown in black. Here we choose the conitldiameters of 2, 2.2, 2.5,
3 m for Stromboli and 2, 2.5, 3 m for Villarica. (b, d) Lines in di erent colours show the
predicted heat supply at the surface as a function of surfacéemperature for each chosen
diameter. This is calculated using the correspondingzr for each conduit size, read from
panel (a,c), as the boundary where the temperature starts todrop from Tpax = 1000 C.
The solid black line shows the calculated heat loss@;aq + Qconv) @s a function of surface lake
temperature. At Villarica, (c-d), the solid and dashed lines associated to the calculations
based on total and active degassing, respectively.
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vents, each with the radius of 1-2 m. The total gas ux of 105 kg $, as the mean value
of the reported range 70-140 kg 8 (Allard et al., 1994), is used for the calculation.
First, we focus on large bubbles associated with the Strombalizeruptions which
account for 7% of the total gas ux. Our models predict the trasition depths of 470,
350, 240 and 140 m; and the surface temperature of 600, 700, &d 920 C for
the chosen conduit diameters of 2, 2.2, 2.5 and 3 m, respectjvelt can be seen that
conduit diameters of 2.2-2.5 m are enough to maintain moltamagma without further
inclusion of solidi ed crusts into the models. We then attempt tle same calculation
but use the information on the gas pus which accounts for 16%fadhe total gas
ux. However, with the bubble frequency of 0.75 Hz, associated thi the pu ng,
the bubbles are relatively small and not conduit lling until the uppermost 10 m for
the conduit diameter as small as 2 m. As a result, it appears thahe gas bubbles
associated to gas pu s may not account adequately for the heatansport from depth
to the surface.

While previous acoustic and seismic studies at the volcano suggsbsta shallow
origin, 250 m, for the slug genesis, Burtomrt al. (2007)'s study on the magmatic
gas composition suggested deeper origins within the range @.8-km below the vents.
They argued that the geophysical data rather re ect a permarne structural disconti-
nuity rather than the actual depth to the slug genesis (Jamest al., 2006). Although
our models predict the transition depths to be relatively shédw (470-240 m) for the
conduit diameters of 2-2.5 m, the predicted transition depth may be deeper if other
conditions are considered in the calculations. These includbee existence of the Im
thickness, non-spherical bubble shape or longer bubble recurce time which will
cause the bubble to become conduit- lling at deeper levels.

4.6.4 Villarica

The summit pit at Villarica stratovolcano exists as a small lava Ike (30-40 m diameter)
or an open, degassing, vent depending on the magma level. Thatnmaging above
the vent shows the lava lake emits clouds of hot gas with tempaure of 600-700 C
(Gurioli et al., 2008). No thermal image of the lake surface is available butehake
appears as always molten without a solidi ed crust, implyinghe surface temperature
of lava is higher than the freezing point of the magma. The tal gas ux of 45.9 kg s?
was measured using open-path FTIR spectroscopy (Sawyadral., 2011). We assume
the gas is released at the surface with atmospheric pressure (B25b, Pa), temperature
650 C, and that based on the reported mass fraction of #0 and CQO,, there is a gas



112 Thermodynamics of a lava lake

ux of 150 s 1. This is within the gas ux range 30-370 M s ! generated by a
typical bubble of volume 200 - 2500 r bursting at a frequency of 8.8 per minute
as reported by Gurioliet al. (2008). Excluding the data on gas pu ng, referred to as
type | events in their study, the bubble frequency reduces to.3 per minute. However,
the gas mass uxes associated with each di erent type of degassiage not available.

Based on the gas ux of 45.9 kg s (Sawyeret al., 2011) and total bubble frequency
of 8.8 per minute (Gurioli et al., 2008), the transition depths associated with the
conduit diameters of 2, 2.5 and 3 m are predicted to be 700, 388d 200 m below
the surface (the solid line in gure 4.14a), respectively. Using kva lake surface of
550 nt (Gurioli et al., 2008), predicted surface temperatures are found to be 5907
and 890 C for heat supply by the chosen conduit diameters (2, 2.5 and 3 mgure
4.14b). The images of the lava lake (Moussallaet al., 2016) showed that the surface
of the lava lake is always molten without the formation of satii ed crusts. To keep
the magma in molten state, our models suggest that a conduit digeter of at least

2.5 m is required.

As it has been suggested for other volcanoes that pu ng is likelyo caused by
bubbles originated from a shallow depth (Petergt al., 2014), we then repeated the
calculations excluding this type of degassing. Although the lfable frequency for more
powerful bubble bursts was reported at the lava lake (Guriolet al., 2008), the gas
ux from such events have not been quanti ed. This may possiblyange from 7% to

14% of the total degassing as suggested for Stromboli (Tambucedt al., 2012) and
Erta 'Ale (Vergniolle & Gaudemer, 2015), respectively. If the gs ux associated with
over-pressurised bubbles accounts for 10% of the total detettgas ux, the transition
depth is expected to be shallower for a given conduit size as simow the black dashed
line in gure 4.14a. The predicted transition depths for condit diameters of 2, 2.5
and 3 m now become 190, 95 and 50 m, respectively. As a result, htgmperature
can be maintained up to shallower levels by magma convectiondiincreases the lake
temperature to be 650, 850 and 95C for the three chosen conduit diameters (the
dashed lines in the gure 4.14b).

4.6.5 Nyiragongo

Nyiragongo is one of the largest lava lakes discovered on Eartheéent studies reported
the lake surface area of 465504mn 2010-2011 (Burgiet al., 2014) and 31400 fin
2012 (Spampinatcet al., 2013). The gas ux was measured in 2005 and 2006 to be 349
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Fig. 4.15 Comparison between our model and the eld data acquired fromNyiragongo lava
lake. (a) A plot of transition depth based on information of gas ux and bubble frequency
is shown coloured lines. The blue, red, yellow and violet cures are associated with chosen
bubble occurrence times of 0.5, 1, 2 and 4 hours, respectiyel Here we x the conduit
diameter to be 15 m andzr is predicted for each chosen bubble frequency. (b) Lines in
di erent colours show the predicted heat supply at the surface as a function of surface
temperature for each chosen bubble frequency. This is caltated using the corresponding
zt for each conduit size, read from panel (a), as the boundary wére the temperature
starts to drop from Tmax = 1000 C. The solid black line shows the calculated heat loss
(Qrad + Qconv) a@s a function of surface lake temperature. The dotted blackline shows the
calculated heat loss as a function of estimated molten lakeemperature when including a 10
cm thick conductive solidi ed crust.

and 206 kg s! respectively (Sawyeret al., 2008) yet detailed information for bubble
characteristics are not available at this lava lake.

At Nyiragongo, although the total gas ux was reported, the iformation about
bubble frequency is not available and the gas uxes associatgquiescence degassing,
gas pus and over-pressurised bubbles are not di erentiated. hwever, the conduit
diameter has been estimated to be 15 m based on draining time atveel during a eld
exploration (Burgi et al., 2014). Using this estimated conduit diameter and further
assumption that over-pressurised bubbles account for 10% of tbtdegassing, we may
estimate the bubble frequency that is required to maintain ta molten lava at the
surface. Our model including a 10 cm solidi ed crust suggests th&trge bubbles must
occur at least every 4 hours to maintain molten magma of tempature 700 C in the
lake (gure 4.15). With higher bubble frequency, the lake i€xpected to be hotter.
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4.7 Conclusion

We have described a series of experiments that illustrate theleoof slug ows in a
vertical conduit in transporting dye tracers from the base to he top of the conduit
without net liquid ow. The dye can be seen to disperse in a di usio-like process
whose dispersivity can be measured using a light attenuation tedque. We estimate
that the dispersivity is determined to beD = 1:25d.ug™uy?(ug + uo) *, whereuy is
the super cial gas speed andl, is the rise speed of single gas slugs determined from
the conduit diameter.

Although the conceptual model for heat being supplied at lavaakes by magma
convection has been widely accepted, the presence of condlling as reported to be
observed at many lava lakes seems to contradict this mechanisriere we propose
that the heat transfer within the upper part of a volcanic condit is caused by the
mixing in the wakes of the slugs which rise up the conduit, in annalogous fashion to
the laboratory experiments in which we showed how dye is mixeadlong a pipe by a
stream of bubbles. At depth, bubbles can be of smaller size and thse of bubble and
magma ow may both operate. The transition from one regime tohe other occurs at
that depth in the conduit when the bubbles decompress, expanada begin to |l the
conduit. At this point, the mechanism for heat transfer shifts fom magma convection
to dispersion of heat under the in uence of bubble ows.

We develop a mathematical model to estimate the heat ux that aives at the
surface using our experimental data of dye dispersivity to constin the dispersive
heat ux. The predicted heat ux is found to be comparable to he heat loss by
radiation and air convection at the surface of lava lakes. Usingeld data for bubble
frequencies and gas uxes, we show that our model can be used tegtict the size of
the volcanic conduit at Erta "Ale, Erebus, Villarica and Strombdl



Chapter 5
Conclusions and future work

In this chapter, we summarise the experimental techniques akgy ndings from our
study in mixing in gravity currents (5.1) and two-phase separad ows (5.2). Some
potential future work is also proposed building from the presémesults.

5.1 Mixing in axisymmetric gravity currents

5.1.1 Conclusion

We have described a new series of laboratory experiments toenstigate the dynamics
of mixing in axisymmetric turbulent gravity currents. The experimental tank has an
increasing width as a function of the distance downstream, and 8w current resembles
a sector of an axisymmetric gravity current. The tank is initidly lled with fresh water
and the current is formed from an aqueous salt solution beingtinduced either by a
sudden release of a nite volume (chapter 2) or a continuous sulypat a constant ow
rate (chapter 3). The experiments were chosen to include ontijle ows that have
Reynolds number in excess of 3000 to ensure the frictional stressi® not dominate
the dynamics, which is beyond the scope of this study.

For the study of turbulent axisymmetric gravity currents produced from a sudden
release of a nite volume explored in chapter 2, we found thate position of the nose
increases with time ag,, (1:28 0:05)B%¥t'*2, in agreement with the scaling law
suggested by Huppert & Simpson (1980). Both the maximum depth ohé head and
the vertical integral of the buoyancy in the head are found talecrease with time. In
the chapter, we estimate the maximum depth as a function of thigont position and it
is found to decrease ah, 0:5H (r,=r,)** while the maximum value of the vertical
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integral of the buoyancy is found to decrease agh)), 0:9Br 2. The Froude number
associated with the propagation speed and the vertical intedraf the buoyancy within
the head, Fr,, is found to be approximately 086 0:07. The results from the light
attenuation experiments, which measure the cross-current aggred density of the ow,
show that the buoyancy of the current is strati ed both lateraly and vertically.

By injecting a parcel of dye in the ambient uid ahead of the curent, we illustrate
that as the ambient uid is displaced by the nose, a fraction oftiis entrained into
the current and travels with the ow. We measured the change ithe total volume of
the currents with time and estimate that a fraction 033 0:09 of displaced ambient
uid is entrained into the current. Some of the mixed uid supgies the tail of the ow
while the rest recirculates within the head. Approximately 2% of the total volume of
the current is found to be left behind the turbulent front andforms a tail region that
appears to be controlled by bottom friction.

Our experiments reveal that while the volume of the currents seen to become
self-similar after some adjustment period, the buoyancy of theow appears to slightly
deviate from the self-similar approximation as seen by the gradl loss of buoyancy
from the head into the wake. We have derived a new self-similarlston that includes
the ambient entrainment at the nose, the vertical shear in theelocity and the lateral
strati cation of the buoyancy within the current. This model can capture the increase
in depth and buoyancy towards the front as suggested experintalty.

In chapter 3, we explore the dynamics of turbulent axisymmei gravity currents
supplied by a constant buoyancy ux. E ective source Froude numers, Fr,, for the
gravity currents were determined to be within the range of 2= The currents appear to
form a steady tail region behind the advancing head, similar tthe theoretical model
proposed by Johnsoret al. (2015). Although in their model, the mixing was ignored
and they predict that the head advances as, t*®°. However, we found that the
position of the front in our currents advances more closely tche prediction from a
conventional scalingy, 1:32B174t3,

As with the currents initiated from a nite volume release, thecurrent becomes
strati ed both in velocity and density. Experiments in which dye is injected into the
current illustrate that the dense uid at the base travels fasterthan the front of the
current. Once it arrives at the front, it circulates and mixes with the ambient uid
being displaced by the nose.

In the steady region observed behind the head, we attempted toemsure the speed
of the uid by tracking structures within this region. The radial volume ux is then
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estimated based on the velocity pro le and is found to slightlyricrease with radius.
This can be interpreted as a result of entrainment along the o boundary. The

estimated entrainment coe cient is found to increase from 0.05 to 0.07 asFr,

increases from 1.1 to 1.8. From our estimated vertical pro lefoadial velocity and the

vertical pro le of density acquired from the light attenuation technique, we estimated
Riy at each radial position. This is found to be in excess of 0.25 ih& main body
of the current but is found to be just below 0.25 within a thin rgion near the top
boundary of the current. The value forRiy = 0:25 is known to be a critical value
above which the ows are expected to be stable and do not mix (Tfoer, 1979). This
suggests that mixing appears to be localised near the top boungaf the current but

not throughout the whole depth.

We found that mixing coe cients at the head of the current deceases from 0.2
to 0.18 with increasingFr, from 1.1 to 1.8. We note that the decreasing trend is also
reported in the case of two-dimensional gravity currents (Sh& Woods, 2017). The
theoretical model for non-mixing current proposed by Johnsoet al. (2015) appears
to underestimate both the depth pro le and nose position with tme when compared
to our experimental data.

5.1.2 Future work

We have explored mixing in axisymmetric gravity currents, yethere are many prob-
lems related to this topic that can be investigated further. Hee we propose a few topics
that can be explored in order to provide better understandingbout the dynamics of

gravity currents.

~ Gravity currents in nature can be several hundred metres thtk and some of
these currents may occur randomly in time, such as those produkcby volcanic
eruptions or slope failure in marine sediment (Simpson, 1999)he data acquisi-
tion for these eld-scale currents can be challenging. Howevehere have been
a few studies on eld-scale experiments on the natural gravigiriven ows such
as those presented by (Princevaet al., 2005) and the references therein. It will
be useful to investigate the applicability of our experimentieresults to these eld
observations.

" In geophysical ow situations, such as with turbidity currents or pyroclastic
ows, the currents move over a subtle slope. It would be valuabk® explore the
impact of the inclination of the slope on the mixing coe ciens of the currents.
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Roughness of the boundary can also play an important role in thdynamics of
the head and the e ects of such drag on the mixing coe cients add also be
tested. It would also be of interest to explore the mixing in graty currents

running along a free surface as it would be applicable to the sm of fresh river
discharges into the ocean.

" As mentioned in the introduction, in many geophysical ows, the excess buoy-
ancy results from suspended particles within the currents. As tke particles
can settle as the ows propagate, the dynamics of the ow, andlso of the en-
trainment of ambient uid, may be a ected by the particle load. Here it might
be possible to extend our light attenuation technique to measerthe spatial dis-
tribution of the particles within the ow as high particle concentrations would
result in less light transmission in contrast to low particle cong#gration.

" Although the technique used to estimate the vertical pro le for radial velocity
is found to be useful, it would be interesting to compare this nasured speed to
those acquired from other techniques, for example, by injeot a vertical line
of dye into the ow and tracking their position in time, or by applying a PIV
technique to measure the velocity eld in detail.

5.2 Thermodynamics of a lava lake

5.2.1 Conclusion

In chapter 4 , we described a new series of laboratory experiments that eagg the
in uence of gas ow in mixing liquid within a vertical conduit. Although the liquid is
stagnant, dye tracers introduced at the bottom of the conduiare shown to propagate
slowly upwards by the dispersive mixing associated with the bubbiwakes.

For liquid of kinematic viscosity used in our study (0.1 to 0.01 cis 1), the
Reynolds number based on the bubble speed is in the range 800 0®@O0This suggests
bubbles have a turbulent wake as found in our study. As the ligdiahead of a bubble
is displaced and falls down along the Im region between the bble and the conduit
wall, it forms a wake behind the bubble where it is mixed. Withtime, this results in
gradual upward propagation of dye tracer originally introdiced at the bottom of the
conduit. The propagation is found to be di usion-like and thedispersion coe cient is
determined accordingly for di erent super cial gas speeds @8  1:25d.uj™u3>=(ug +
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Uo), where uq is the super cial gas speed andl, is the rise speed of single bubbles
which is a function of the conduit diameter. In the limit whee the super cial gas
speed is small, ! 0), this empirical relation can be written in terms of the volime
gas uxasD \j7ug™.

The experimental gas-liquid ows in a vertical pipe resembleag-magma separated
ow in magmatic conduits. By analogy with the dispersion of dyen the experimental
system, we envisage that there is a dispersive heat ux along thermit driven by
the mixing through the wakes of the successive bubbles. Using the @rcal model
for the dispersion based on the dye transport experiments, we ndat at lava lakes,
the mixing produced by the bubbles may supply su cient heat ux to the lakes in
order to maintain the radiative and convective losses from thiake. The conventional
model that there is a counter ow driving the heat ux may be less applicable in the
upper few hundred metres of the conduit owing to the mixing byhe wakes of the
slugs, which will tend to break down this convective exchangeow.

We rst derive a model to predict the temperature gradient wihin the conduit
due to the dispersive mixing induced by gas bubbles. In the modsk account for the
temperature change associated with the work done by gas expamsidue to decom-
pression as gas bubbles travel up the conduit. This leads to antperature di erence
between gas and magma as they arrive at the surface which may d@nsistent with
data from several lava lakes.

5.2.2 FRuture work

Our work provides a new model that explains the heat transfer echanism within a
volcanic conduit. In order to clarify and improve our undersanding of the role of bub-
ble ow on heat transport in volcanic conduit, we propose some fther experiments
and modelling studies to build on the present work.

" In our study, the liquid viscosity is chosen to ensure the develoment of a turbu-
lent wake behind each bubble. However, bubbles in volcanicnzhuits, in some
cases, might have lower Reynolds numbers, so that non-turbulemtakes may
develop. Experiments with liquid of higher viscosity would erae quanti cation
of the mixing by lower Reynolds number bubbles. Experiments t a variety of
conduit diameters would also help test our empirical formulaof the dispersion
coe cient. Furthermore, the roughness in the conduit wall mght also play an
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important role in magma mixing as it encourages the turbulegnmotion of the
liquid.

" Based on the eld data, bubble recurrence time can be of the ater of 10 minutes
and each bubble is more likely to rise independently. To expi®this limit where
interaction between gas slugs is minimised, we might introdadhe gas as a series
of pulses instead of a steady ux that is used in our study.

" The temperature decrease within volcanic conduits can leatb crystallisation of
liquid magma. The presence of solid particles can potentially ect the motion
of liquid and also the rise of bubbles. This process could be inwgstted using
laboratory experiments.

~ Apart from conduit- lling bubbles within the volcanic cond uit, it is widely be-
lieved that there is a substantial amount of degassing at shallowvels. These
bubbles form at a shallow depth and are expected to be much snealland dis-
persed within the conduit. This may resemble the bubbly ow regne that can
be achieved in experiments with a lower gas ux. An experimeat study of the
mixing produced by separated bubbly ow would provide furthe understanding
of the inuence of gas bubbles of di erent sizes on the heat tresport in the

volcanic plumbing system. It would be interesting to include tls additional gas
ux in the model.



References

Adduce, C., Sciortino, G. & Proietti, S. 2012 Gravity Currents Produced by
Lock Exchanges: Experiments and Simulations with a Two-Layerh@llow-Water
Model with Entrainment. Journal of Hydraulic Engineering138 (2), 111 121.

Allard, Patrick, Burton, Mike, Sawyer, Georgina & Bani, Philip son
2016 Degassing dynamics of basaltic lava lake at a top-rankinglatile emitter:
Ambrym volcano, Vanuatu arc.Earth and Planetary Science Lettersi48, 69 80.

Allard, P., Carbonnelle, J., Métrich, N., Loyer, H. & Zettwoog, P
1994 Sulphur output and magma degassmg budget of Strombolilgano. Nature
368, 326 330.

Ancey, Christophe & Bain, Vincent 2015 Dynamics of glide avalanches and
snow gliding. Reviews of Geophysic83 (3), 745 784.

Beckett, F. M., Mader, H. M., Phillips, J. C., Rust, A. C. & With am, F.
2011 An experimental study of low-Reynolds-number exchangewoof two Newto-
nian uids in a vertical pipe. Journal of Fluid Mechanics682 (2011), 652 670.

Benjamin, T. Brooke 1968 Gravity currents and related phenomenalournal of
Fluid Mechanics31 (02), 209.

Bizouard, H, Barberi, F & Varet, J 1980 Mineralogy and petrology of Erta Ale
and Boina volcanic series, Afar rift, Ethiopia.Journal of Petrology21 (2), 401 436.

Bonnecaze, Roger T., Hallworth, Mark a., Huppert, Herbert E. & Lis-
ter, John R. 1995 Axisymmetric particle-driven gravity currents.Journal of Fluid
Mechanics294, 93.

Bouche, E., Vergniolle, S., Staudacher, T., Nercessian, A., Delmont,
J. C., Frogneux, M., Cartault, F. & Le Pichon, A. 2010 The role of large
bubbles detected from acoustic measurements on the dynamidsEsta 'Ale lava
lake (Ethiopia). Earth and Planetary Science Letter2295 (1-2), 37 48.

Britter, R. E. 1979 The spread of a negatively buoyant plume in a calm envinment.
Atmospheric Environment13 (9), 1241 1247.

Britter, R. E. & Simpson, J. E. 1978 Experiments on the dynamics of a gravity
current head. Journal of Fluid Mechanics88, 223.



122 References

Burgi, P. Y., Darrah, T. H., Tedesco, D. & Eymold, W. K. 2014 Dynamics
of the Mount Nyiragongo lava lake.Journal of Geophysical Research: Solid Earth
119 (5), 4106 4122.

Burgisser, Alain, Oppenheimer, Clive, Alletti, Marina, Kyle, Philip R.,
Scaillet, Bruno & Carroll, Michael R. 2012 Backward tracking of gas
chemistry measurements at Erebus volcan@eochemistry, Geophysics, Geosystems
13 (11), 1 24.

Burton, M., Allard, P., Muré, F. & La Spina, A. 2007 Magmatic Gas Com-
position Reveals the Source Depth of Slug-Driven StrombotigExplosive Activity.
Science317 (5835), 227 LP 230.

Calkins, J., Oppenheimer, C. & Kyle, P. R. 2008 Ground-based thermal imag-
ing of lava lakes at Erebus volcano, Antarcticalournal of Volcanology and Geother-
mal Researchl77 (3), 695 704.

Campos, J. B. L. M. & Canalho, J. R. F. Guedes De 1988 An experimental
study of the wake of gas slugs rising in liquidslournal of Fluid Mechanics196 (-1),
27.

Cantero, M. I., Balachandar, S. & Garcia, M. H. 2007 High-resolution
simulations of cylindrical density currents.Journal of Fluid Mechanics590, 437
469.

Cantero, Mariano I., Lee, J. R., Balachandar, S. & Garcia, Marc elo H.
200 On the front velocity of gravity currents. Journal of Fluid Mechanics 586,
1 39.

Carazzo, Guillaume, Kaminski, Edouard & Tait, Stephen 2006 The route
to self-similarity in turbulent jets and plumes. Journal of Fluid Mechanics 547,
137 148.

Chen, Jing-Chang 1980 Studies on gravitational spreading currents. PhD thesis,
California Institute of Technology.

Davies, R. M. & Taylor, G. 1950 The Mechanics of Large Bubbles Rising through
Extended Liquids and through Liquids in Tubes.Proceedings of the Royal Society
A: Mathematical, Physical and Engineering Sciencez00 (1062), 375 390.

Del Bello, Elisabetta, Llewellin, Edward W., Taddeucci, Jac opo, Scar-
lato, Piergiorgio & Lane, Steve J. 2012 An analytical model for gas overpres-
sure in slug-driven explosions: Insights into Strombolian volocic eruptions. Journal
of Geophysical Research: Solid Earthl7 (2).

Dufek, Josef 2016 The uid mechanics of pyroclastic density currentsAnnual Re-
view of Fluid Mechanics48, 459 485.

Dunbar, Nelia W, Cashman, Katharine V & Dupré, Roslyn 1994 Crys-
tallization processes of anorthoclase phenocrysts in the MouBrebus magmatic
system: evidence from crystal composition, crystal size distribons, and volatile



References 123

contents of melt inclusionsVolcanological and environmental studies of Mount Ere-
bus, Antarctica pp. 129 146.

Ellison, TH & Turner, JS 1959 Turbulent entrainment in strati ed ows. Journal
of Fluid Mechanics (February).

Fernandes, R. C., Semiat, R. & Dukler, A. E. 1983 Hydrodynamic model for
gasliquid slug ow in vertical tubes. AIChE Journal 29 (6), 981 989.

Fragoso, A. T., Patterson, M. D. & Wettlaufer, J. S. 2013 Mixing in
gravity currents. Journal of Fluid Mechanics734, R2.

Francis, P., Oppenheimer, C. & Stevenson, D. 1993 Endogenous growth of
persistently active volcanoesNature 366 (6455), 554 557.

Garcia, Michael O, Rhodes, J Michael, Wolfe, E W, Ulrich, Geor ge E

& Ho, R A 1992 Petrology of lavas from episodes 2 47 of the Puu Oo eruptiof
Kilauea Volcano, Hawaii: evaluation of magmatic processeBulletin of VVolcanology
55 (1-2), 1 16.

Gonnermann, Hm & Manga, Michael 2012 Dynamics of magma ascent in the
volcanic conduit. Seismo.Berkeley.Edipp. 55 84.

Gurioli, L., Harris, A. J. L., Houghton, B. F., Polacci, M. & Ripe pe,
M. 2008 Textural and geophysical characterization of explosivmsaltic activity at
Villarrica volcano. Journal of Geophysical Research: Solid Earth13 (8), 1 16.

Hacker, J., Linden, P.F. & Dalziel, S.B. 1996 Mixing in lock-release gravity
currents. Dynamics of Atmospheres and Ocear#4 (1-4), 183 195.

Hallworth, Mark A., Huppert, Herbert E., Phillips, Jeremy C. &
Sparks, R. Stephen J. 1996 Entrainment into two-dimensional and axisymmetric
turbulent gravity currents. Journal of Fluid Mechanics308, 289 311.

Hallworth, Mark A., Phillipsi, Jeremy C., Huppert, Herbert E. &
Sparks, R. Stephen J. 1993 Entrainment in turbulent gravity currents. Nature
362, 829 831.

Harmathy, Tibor Z. 1960 Velocity of large drops and bubbles in media of in nite
or restricted extent. AIChE Journal 6 (2), 281 288.

Harris, A. J. L. 2008 Modeling lava lake heat loss, rheology, and convectidaeo-
physical Research Letter85 (7), n/a n/a.

Harris, A. J. L., Carniel, R. & Jones, J. 2005 Identi cation of variable convec-
tive regimes at Erta Ale Lava Lake Journal of Volcanology and Geothermal Research
142 (3-4), 207 223.

Harris, A. J. L., Flynn, L. P., Rothery, D. A., Oppenheimer, C. & S her-
man, S. B. 1999 Mass ux measurements at active lava lakes: Implicationsrf
magma recycling.Journal of Geophysical Research: Solid Eartth04 (B4), 7117
7136.



124 References

Harris, A. J. L. & Ripepe, M. 2007 Temperature and dynamics of degassing at
Stromboli. Journal of Geophysical Researci12 (B3), BO3205.

Harris, A. J. L. & Stevenson, D. S. 1997 Thermal observations of degassing
open conduits and fumaroles at Stromboli and Vulcano usingmetely sensed data.
Journal of Volcanology and Geothermal Researct6 (3-4), 175 198.

Head, James W & Wilson, Lionel 1986 Volcanic processes and landforms on
Venus: Theory, predictions, and observationsJournal of Geophysical Research:
Solid Earth 91 (B9), 9407 9446.

Hogg, Andrew J, Hallworth, Mark A & Huppert, Herbert E 2005 On
gravity currents driven by constant uxes of saline and partite-laden uid in the
presence of a uniform ow.Journal of Fluid Mechanics539 (2005), 349 385.

Hon, Ken, Kauahikaua, Jim, Denlinger, Roger & Mackay, Kevin 1994 Em-
placement and in ation of pahoehoe sheet ows: Observations drmeasurements of
active lava ows on Kilauea Volcano, HawaiiGeological Society of America Bulletin
106 (3), 351 370.

Hoult, David P. 1972 Oil spreading on the seaAnnual Review of Fluid Mechanics
341 (1), 341 368.

Huppert, H. E. & Hallworth, M. A. 2007 Bi-directional ows in constrained
systems.Journal of Fluid Mechanics578 (2007), 95.

Huppert, Herbert E. & Simpson, John E. 1980 The slumping of gravity currents.
Journal of Fluid Mechanics99 (04), 785.

James, M. R., Lane, S. J. & Chouet, B. A. 2006 Gas slug ascent through changes
in conduit diameter: Laboratory insights into a volcano-seism source process in
low-viscosity magmas.Journal of Geophysical Research: Solid Earthl1 (5), 1 25.

Johnson, ChristopherG., Hogg, Andrewd., Huppert, HerbertE., S parks,
R.Stephend., Phillips, JeremyC., Slim, AnjaC. & Woodhouse, MarkJ.
2015 Modelling intrusions through quiescent and moving ambits. Journal of Fluid
Mechanics771, 370 406.

Johnson, Christopher G. & Hogg, Andrew J. 2013 Entraining gravity currents.
Journal of Fluid Mechanics731, 477 508.

Johnson, Jeffrey, Aster, Richard, Jones, Kyle R., Kyle, Philip & Mclin-
tosh, Bill 2008 Acoustic source characterization of impulsive Strombaf erup-
tions from the Mount Erebus lava lake.Journal of Volcanology and Geothermal
Researchl77 (3), 673 686.

Johnson, Jeffrey B, Aster, Richard C. & Kyle, Philip R. 2004 Volcanic
eruptions observed with infrasoundGeophysical Research Letter81 (14), L14604.
Jones, Kyle R, Johnson, Jeffrey B, Aster, Rick, Kyle, Philip R & Mcln-

tosh, W. C. 2008 Infrasonic tracking of large bubble bursts and ash ventirag Ere-
bus Volcano, Antarctica.Journal of Volcanology and Geothermal Researctv7 (3),
661 672.



References 125

Kaye, N. B. & Hunt, G. R. 2007 Overturning in a lling box. Journal of Fluid
Mechanics576, 297 323.

Kazahaya, Kohei, Shinohara, Hiroshi & Saito, Geniji 1994 Excessive de-
gassing of 1zu-Oshima volcano: magma convection in a conduBulletin of Vol-
canology56, 207 216.

Kneller, Ben & Buckee, Clare 2000 The structure and uid mechanics of tur-
bidity currents: a review of some recent studies and their gegjical implications.
Sedimentology47, 62 94.

Kyle, Philip R 1977 Mineralogy and glass chemistry of recent volcanic ejedtam
Mt Erebus, Ross Island, Antarctica.New Zealand journal of geology and geophysics
20 (6), 1123 1146.

Le Guern, F. 1987 Mechanism of Energy Transfer in the Lava Lake of Niragongo
(Zaire), 1959 - 1977Journal of Volcanology and Geothermal Researc®il, 17 31.

Le Guern, F., Carbonnelle, J. & Tazieff, H. 1979 Erta'Ale lava lake: heart and
gas transfer th the atmosphereJournal of Volcanology and Geothermal Researd
27 48.

Linden, Paul F. & Simpson, John E. 1990 Continous two-dimensional releases
from an elevated sourceJournal of Loss Prevention in the Process Industrie8 (1),
82 87.

Llewellin, E. W., Del Bello, E., Taddeucci, J., Scarlato, P. & Lane, S. J.
2012 The thickness of the falling Im of liquid around a Taylotbubble. Proceedings of
the Royal Society A: Mathematical, Physical and Engineering 8eaces468 (2140),
1041 1064.

Marino, B. M., Thomas, L. P. & Linden, P. F. 2005 The front condition for
gravity currents. Journal of Fluid Mechanics536, 49 78.

Mayor, T S, Pinto, AMFR & Campos, JBLM 2008 Vertical slug ow in laminar
regime in the liquid and turbulent regime in the bubble wakesomparison with fully
turbulent and fully laminar regimes. Chemical Engineering Sciencé&3 (14), 3614
3631.

Meiburg, Eckart & Kneller, Ben 2010 Turbidity Currents and Their Deposits.
Annual Review of Fluid Mechanics42 (1), 135 156.

Miles, John W. 1961 On the stability of heterogeneous shear owgournal of Fluid
Mechanics10 (04), 496.

Morgado, A. O., Miranda, J. M., Araujo, J. D.P. & Campos, J. B.L. M.
2016 Review on vertical gas I|qU|d slug ow.International Journal of Multiphase
Flow 85, 348 368.

Morton, B. R., Taylor, G. & Turner, J. S. 1956 Turbulent Gravitational
Convection from Maintained and Instantaneous Source®roceedings of the Royal
Society A: Mathematical, Physical and Engineering Scienc&34 (1196), 1 23.



126 References

Moussallam, Yves, Bani, Philipson, Curts, Aaron, Barnie, T alfan,
Moussallam, Manuel, Peters, Nial, Schipper, C. lan, Aiuppa, A lessan-
dro, Giudice, Gaetano, Amigo, Alaro, Velasquez, Gabriela & Car-

dona, Carlos 2016 Sustaining persistent lava lakes: Observations from high-
resolution gas measurements at Villarrica volcano, Chil&arth and Planetary Sci-
ence Letters454, 237 247.

Murphy, Lesley M. 1986 Linear feature detection and enhancement in noisy image
via the Radon transform.Pattern Recognition Letters4 (4), 279 284.

Neri, Augusto 1998 A local heat transfer analysis of lava cooling in the atmadsere:
application to thermal di usion-dominated lava ows. Journal of Volcanology and
Geothermal Researct81 (3-4), 215 243.

Nicklin, DJ 1962 Two-phase bubble owChemical Engineering Scienc&7 (March),
693 702.

Oppenheimer, Clive & Kyle, Philip R. 2008 Probing the magma plumbing
of Erebus volcano, Antarctica, by open-path FTIR spectroscopyf@as emissions.
Journal of Volcanology and Geothermal Researctiv7 (3), 743 754.

Oppenheimer, Clive, Lomakina, Alexandra S., Kyle, Philip R., Kings-
bury, Nick G. & Boichu, Marie 2009 Pulsatory magma supply to a phonolite
lava lake. Earth and Planetary Science Letter284 (3-4), 392 398.

Oppenheimer, C., McGonigle, A. J S, Allard, P., Wooster, M. J. &
Tsanev, V. 2004 Sulfur, heat, and magma budget of Erta 'Ale lava lake, Ethpa.
Geology32 (6), 509 512.

Oppenheimer, Clive, Moretti, Roberto, Kyle, Philip R., Esche nbacher,
Al, Lowenstern, Jacob B., Hervig, Richard L. & Dunbar, Nelia W.
2011 Mantle to surface degassing of alkalic magmas at Erebus waolo, Antarctica.
Earth and Planetary Science Letters306 (3-4), 261 271.

Oppenheimer, C. & Yirgu, G. 2002 Thermal imaging of an active lava lake: Erta
'Ale volcano, Ethiopia. International Journal of Remote Sensin@®3 (22), 4777 4782.

Ozgokmen, Tamay M., lliescu, Traian & Fischer, Paul F. 2009 Reynolds
number dependence of mixing in a lock-exchange system fromedit numerical and
large eddy simulations.Ocean Modelling30 (2-3), 190 206.

Patrick, M. R., Orr, T., Swanson, D. A. & Lev, E. 2016 Shallow and deep
controls on lava lake surface motion at Klauea Volcandournal of Volcanology and
Geothermal Researcl828, 247 261.

Patterson, M. D., Simpson, J. E., Dalziel, S. B. & van Heijst, G . F. 2006
Vortical motion in the head of an axisymmetric gravity curren. Physics of Fluids
18 (4), 046601.

Peters, Nial, Oppenheimer, Clive, Kyle, Philip & Kingsbury, N ick 2014
Decadal persistence of cycles in lava lake motion at Erebus \ario, Antarctica.
Earth and Planetary Science Letters395, 1 12.



References 127

Pinto, A. M.F.R. & Campos, J. B.L.M. 1996 Coalescence of two gas slugs rising
in a vertical column of liquid. Chemical Engineering Scienc®&1 (1), 45 54.

Pioli, L., Bonadonna, C., Azzopardi, B. J., Phillips, J. C. & R ipepe, M.
2012 Experimental constraints on the outgassing dynamics of b##samagmas.Jour-
nal of Geophysical Research: Solid Earthl7 (3), 1 17.

Piper, David J W, Shor, Alexander N & Clarke, John E Hughes 1988 The
1929 "Grand Banks" earthquake, slump, and turbidity currentGeological Society
of America Special Paper229, 77 92.

Prandtl, Ludwig 1952Essentials of uid dynamics: With applications to hydraulics
aeronautics, meteorology, and other subjectddafner Pub. Co.

Princevac, M., Fernando, H. J. S. & Whiteman, C. D. 2005 Turbulent entrain-
ment into natural gravity-driven ows. Journal of Fluid Mechanics533, 259 268.

Ripepe, Maurizio, Harris, Andrew J.L. & Carniel, Roberto 2002 Thermal,
seismic and infrasonic evidences of variable degassing rates &bi&boli volcano.
Journal of Volcanology and Geothermal Researcli8 (3-4), 285 297.

Roche, Olivier, Phillips, Jeremy C & Kelfoun, Karim 2013 Pyroclastic
density currents. In Modeling Volcanic Processeg$ed. Sarah A Fagents, Tracy K P
Gregg & Rosaly M C Lopes), pp. 203 229. Cambridge University Press.

Rottman, JW & Simpson, JE 1983 Gravity currents produced by instantaneous
releases of a heavy uid in a rectangular channelournal of Fluid Mechanics135,
95 110.

Rowe, C. A., Aster, R. C., Kyle, P. R., Dibble, R. R. & Schlue, J. W. 2000
Seismic and acoustic observations at Mount Erebus Volcano, Roskhd, Antarctica,
1994-1998Journal of Volcanology and Geothermal ResearctD1 (1-2), 105 128.

Sawyer, G. M., Oppenheimer, C., Tsanev, V. I. & Yirgu, G. 2008 Magmatic
degassing at Erta 'Ale volcano, Ethiopia.Journal of Volcanology and Geothermal
Research178 (4), 837 846.

Sawyer, G. M., Salerno, G. G., Le Blond, J. S., Matrtin, R. S., Spa mp-
inato, L., Roberts, T. J., Mather, T. A., Witt, M. L |, Tsanev, V &
Oppenheimer, C. 2011 Gas and aerosol emissions from Villarrica volcano, Chile.
Journal of Volcanology and Geothermal Resear@03 (1-2), 62 75.

Seyfried, Ralf & Freundt, Armin 2000 Experiments on conduit ow and erup-
tion behavior of basaltic volcanic eruptionsJournal of Geophysical Research: Solid
Earth 105 (B10), 23727 23740.

Sharma, Prem V1997 Environmental and engineering geophysic€ambridge uni-
versity press.

Sher, Diana & Woods, Andrew W. 2015 Gravity currents: entrainment, strati-
cation and self-similarity. Journal of Fluid Mechanics784 (0), 130 162.



128 References

Sher, Diana & Woods, Andrew W. 2017 Mixing in continuous gravity currents.
Journal of Fluid Mechanics818, R4.

Shin, J. O., Dalziel, S. B. & Linden, P. F. 2004 Gravity currents produced by
lock exchangeJournal of Fluid Mechanics521, 1 34.

Simpson, JE 1999 Gravity currents: In the environment and the laboratory Cam-
bridge University Press.

Slim, Anja C. & Huppert, Herbert E. 2004 Self-similar solutions of the ax-
iIsymmetric shallow-water equations governing convergingvirscid gravity currents.
Journal of Fluid Mechanics506, 331 355.

Slim, A. C. & Huppert, H. E. 2011 Axisymmetric, constantly supplied gravity
currents at high Reynolds numberJournal of Fluid Mechanics675, 540 551.

van Sommeren, Daan D. J. a., Caulfield, C. P. & Woods, Andrew W. 2012
Turbulent buoyant convection from a maintained source of buy@ncy in a narrow
vertical tank. Journal of Fluid Mechanics701, 278 303.

Spampinato, L., Ganci, G., Hernandez, P. A., Calvo, D., Tedes co, D.,
Pérez, N. M., Cablari, S., Del Negro, C. & Yalire, M. M. 2013 Ther-
mal insights into the dynamics of Nyiragongo lava lake from gumd and satellite
measurementsJournal of Geophysical Research: Solid Earthl8 (11), 5771 5784.

Spampinato, L., Oppenheimer, C., Cablari, S., Cannata, A. & Mo ntalto,
P. 2008 Lava lake surface characterization by thermal imagingrta 'ale volcano
(Ethiopia). Geochemistry, Geophysics, Geosysterig12).

Sparks, Rsj, Bursik, Mi, Carey, Sn, Gilbernt, Jennifer, Glaze, Ls , Sig-
urdsson, H & Woods, a  1997Volcanic Plumes Chichester ; New York: Wiley.

Stevenson, David S. & Blake, Stephen 1998 Modelling the dynamics and ther-
modynamics of volcanic degassin@®ulletin of Volcanology 60 (4), 307 317.

Suckale, Jenny, Hager, Bradford H., Elkins-Tanton, Linda T. & N ave,
Jean-Christophe 2010 It takes three to tango: 2. Bubble dynamics in basaltic
volcanoes and rami cations for modeling normal Strombolia activity. Journal of
Geophysical Researci15 (B7), BO7410.

Taitel, Y, Bornea, D & Dukler, AE 1980 Modelling Flow Pattern Transitions
for Steady Upward Gas-Liquid Flow in Vertical Tubes AIChE Journal 26 (3), 345
354.

Takamura, Koichi, Fischer, Herbert & Morrow, Norman R. 2012 Physical
properties of aqueous glycerol solutionslournal of Petroleum Science and Engi-
neering 98-99, 50 60.

Tamburello, G, Aiuppa, A, Kantzas, E. P., McGonigle, A. J.S. & Ripepe,
M 2012 Passive vs. active degassing modes at an open-vent volcarnoo(&boli,
Italy). Earth and Planetary Science Letters359-360, 106 116.



References 129

Tazieff, Haroun 1994 Permanent lava lakes: observed facts and induced mecha-
nisms. Journal of Volcanology and Geothermal Researd8 (1-2), 3 11.

Turner, John Stewart 1979 Buoyancy e ects in uids. Cambridge University
Press.

US Geological Survey 2016 Glossary - Lava lake.

Varjavand, Peyman, Ghomeshi, Mehdi, Dalir, Ali Hosseinzadeh ,
Farsadizadeh, Davood & Gorgij, Alireza Docheshmeh 2015 Experimental
observation of saline under ows and turbidity currents, owing over rough beds.
Canadian Journal of Civil Engineering42 (11), 834 844.

Vergniolle, Syiie & Bouche, Emmanuella 2016 Gas-driven lava lake uctu-
ations at Erta 'Ale volcano (Ethiopia) revealed by MODIS measun@ents. Bulletin
of Volcanology78 (9).

Vergniolle, S. & Brandeis, G. 1996 Strombolian explosions: 1. A large bubble
breaking at the surface of a lava column as a source of souddurnal of Geophysical
Research101 (B9), 20433.

Vergniolle, S. & Gaudemer, Y. 2015 From Reservoirs and Conduits to the Sur-
face. pp. 289 321.
Viana, F., Pardo, R., Yanez, R., Trallero, J. L. & Joseph, D. D. 2003

Universal correlation for the rise velocity of long gas bubbles round pipes.Journal
of Fluid Mechanics494 (2003), S0022112003006165.

Witham, Fred 2011 Conduit convection, magma mixing, and melt inclusion énds
at persistently degassing volcanoegarth and Planetary Science Letters801 (1-2),
345 352.

Wooster, M. J., Wright, R. & Rothery, D. A. 1997 Cooling mechanisms and
an approximate thermal budget for the 1991-1993 Mount Etnala ow. Geophysical
Research Letters24 (24), 3277 3280.

Wright, Robert & Flynn, Luke P. 2004 Space-based estimate of the volcanic
heat ux into the atmosphere during 2001 and 2002Geology32 (3), 189 192.

Wright, Robert & Pilger, Eric 2008 Satellite observations reveal little inter-
annual variability in the radiant ux from the Mount Erebus la va lake. Journal of
Volcanology and Geothermal Research/7 (3), 687 694.



130 References




Appendix A

A.1 Error approximation based on conservation of
dyes

In the experiments on axisymmetric gravity currents, the lodalight intensity is con-
verted to the local (spanwise-averaged) buoyancy. In the casksonite volume release,
the total buoyancy in the observation eld can be calculated sing the relationship

z z
Bo=agNVo= r g%zdr (A.1)

where B, is the total buoyancy which is the product of the initial buoyancy, ¢°, and
the lock volume,V,. gqr;z;t) is the local buoyancy that can be measured using the
calibration function determined locally. This is expectedo be constant with time due
to the conservation of buoyancy. Figure A.1 shows the ratio beten the measured
total buoyancy to the initial total buoyancy which is found to be within approximately
7-8%. Di erent colours represent values from di erent expements.  Similarly, the
total buoyancy in the case of steady ux gravity currents can ao be determined at
each time. In these experiments, however, the expected totalidyancy is no longer
constant but is a function of time

z z
B(t)= ¢’Qjt=r gUzdr; (A.2)

where B (t) is the expected total buoyancy in the experimental tankgj0 is the initial
source buoyancy andQ; is the volumetric ux. For these experiments, volume of
the liquid pumped into the tank and the time taken to nish each experiment is
measured to determin&; for each experiment. Figure A.2 shows the ratio between the
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Fig. A.1 The ratio between the total measured buoyancy to the expectd buoyancy in the
case of discrete release gravity currents (chapter 2). Colos represent di erent experiments
as coded in table 2.1.

e ' ' L
t (s)

Fig. A.2 The ratio between the total measured buoyancy to the expectd buoyancy in the
case of constant ux gravity currents (chapter 3). Colours represent di erent experiments

as coded in table 3.1.

measured total buoyancy to the expected total buoyancy whicls found to be within
approximately 10-12%. Di erent colours represent valuesdm di erent experiments.

A.2 The sensitivity for the current detection

In order to di erentiate the pixels that capture the current (red dye) from the ambient
uid (colourless), a threshold light intensity is carefully chsen such that the noise
pixels are Itered out yet pixels associated with uid of low dye concentration is
included. The grayscale imaged,(r;z), of the ows are rst converted into binary
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Fig. A.3 The normalised volumes detected when di erent threshold dgital numbers are

used. The threshold number of 150 is consistent for all the four images corresponding to
images taken att =10, 20, 30 and 40 s. Images are taken from the nite volume redase
gravity current H.

images,| {r; z), based on critical light intensities, | it

8
21 if I1(rz) Iy and

1qrz) = (2) e (A.3)
"0 i 1(rz) > g

As a result, the volume of the ow can then be determined for eadmage using the
relationship

zZ z
V()= r 1%rdz: (A.4)

For each image (corresponding to an instantaneous time), werceepeat calculating
V corresponding to dierent I . Figure A.3 shows the normalised volume detected
as a function of di erent | on four representative imagest = 10;20;30 and 40 s
(chapter 2, exp. H). Choosing too small a threshold digital numlyewill include more
noise and overestimate the detected volumes. Here, we chbgg = 155 to be the
threshold digital number to be used to distinguish current pixel from the noise pixels.
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