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ABSTRACT

The effect of ambient pressure on the dynamical behaviour of a single droplet
(1-2 mm diameter) of volatile liquid boiling explosively at the limit of superheat
is studied experimentally and theorstically. In a series of experiments it is
shown that the evaporative instability, observed earlier by Shepherd & Stur-
tevant (1982) during the rapid vapourization of butane droplets at atmospheric
pressure, is suppressed at high pressure. Three other fluids (pentane, isopen-
tane, and ether) are tested to establish the generality of the instability and
other transient processes previously observed. Direct evidence is obtained
showing that during viclently unstable boiling small liquid particles are torn
from the liquid-vapour interface. This ejection of fine droplets from the eva-
porating surface produces a mass flux orders of magnitude greater than that

characteristic of ordinary boiling.

Raising the ambient pressure lowers the superheat attained at the superheat
limit, which decreases the vapourization rate. At high pressure boiling consists
of normal slow vapourization from a smooth interface. Observed bubble growth
rates show reasonable agreement with theory. At intermediate pressures a
transitional regime of stability occurs in which a drop initially vapourizes stably
for several milliseconds while incipient instability waves develop on the eva-
porating interface. When only a small amount of liquid remains in the drop in
the shape of a thin cap, heat transfer from the surrounding hot host fluid ini-
tiates violent boiling at the edge of the liquid cap. The subsequent rapid vapour-
ization generates a radiated pressure field two orders of magnitude larger than
during stable boiling, and sets the bubble into viclent oscillation. The bubble is

subject to the Rayleigh-Taylor instability and rapidly disintegrates into a cloud
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of small bubbles.

Lowering the ambient pressure decreases the time delay between nucleation
and onset of unstable boiling. For example, in ether at atmospheric pressure
the instability is triggered less than 8 usec after nucleation, shortly after the
smooth vapour bubble contacts the droplet surface. Heterogeneous nucleation
spreads out along the surface of the drop while disturbances (with a length scale
of 100 um) distort the unstably evaporating interface within the drop, substan-
tially enhancing the vapourization rate. At early times, droplets torn from the
evaporating surface evaporate before the instability-driven jet impinges upon
the surrounding fluid, bulging the bubble surface. The last portion of liquid in a
drop boils particularly violently and droplets ejected from the evaporating inter-
face at this time remain intact to splatter the bubble surface. At subatmos-
pheric pressures the most rapid vapourization occurs and temperature gra-

dients within a drop produce spatial variations in vapourization rate.

The Landau mechanism for the instability of laminar flames is adapted to the
case of evaporation to investigate the eflects of variable ambient pressure. A
'spherical version of the theory, applicable before the vapour bubble contacts
the droplet surface, predicts absolute stability at atmospheric pressure. At
later times the spherical constraint is inappropriate and planar theory yields
results in general agreement with observation. Differences in fluid properties
make some fluids more prone to instability than others. The product of the
maximum growth rate with the time interval the interface is predicted to be
linearly unstable measures the susceptibility to instability. For practical esti-
mates it is suggested that a value of 3 of this parameter be taken as the lower
limit for instability. The sensitivity of the instability to temperature suggests
that small temperature nonuniformities may be responsible for quantitative

departures of the behaviour from predictions.
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Chapter 1

INTRODUCTION

If heterogeneous nucleation is suppressed, a liquid may be heated to tem-
peratures far above its normal boiling point. The maximum temperature attain-
able, the so-called limit of superheat, corresponds to the limit of mechanical
stability of the liquid. When the superheat limit is reached, boiling begins spon-
taneously by homogeneous nucleation, and the subsequent evaporative fluxes,
fluid accelerations and departures from thermodynamic equilibrium are orders
of magnitude greater than in ordinary boiling. General reviews of the properties
of superheated liquids can be found in Skripov (1974), Blander & Katz (1975),
and Reid (1978, 1978). Several interesting phenomena which provide important
insight into the behaviour of metastable liquids occur under the extreme condi-
tions of superheat-limit vapourization. In particular, the rapid vapourization
drives a dynamic instability at the evaporating surface which leads to violent

unstable boiling.

The explosive effects observed at the superheat limit are consequences of a
baroclinic interfacial instability similar to the Landau mechanism for the insta-
bility of laminar flames (Landau & Lifshitz, 1959), which was discovered in the
context of evaporation of butane at the superheat limit by Shepherd & Stur-
tevant (1982). They observed that the instability distorts and roughens the
liquid-vapour interface, and they inferred from their measurements that it
tears the interface, producing a substantial increase in the surface area avail-
able for evaporation and a high-velocity two-phase flow away from the interface.
They also observed s_everal interesting dynamical effects that occur during the

explosive vapourization of a drop of volatile liquid. For example, the instability-



driven mass flux generates a jet which impinges upon the surrounding fluid and

produces a characteristic bulge in the bubble surface.

1.1. Motivation

The present work builds on the exploratéry work of Shepherd & Sturtevant
(1982) and was motivated by a desire to obtain a more detailed understanding
of the physical processes that occur during unstable boiling at the superheat
limit. The current experiments were undertaken to investigate (1) the
occurrence of the instability in a variety of different liquids, (ii) the variation
between different liquids of the dynamical effects that occur during explosive
vapourization, and (iii) the effect of ambient pressure on the vapourization pro-
cess. In the current investigation single small droplets (with typical diameters
of 1-2 mm) of a volatile liquid are heated until they vapourize explosively at the
superheat limit. Heterogeneous nucleation and ordinary boiling are suppressed
by immersing the droplets in a hot nonvolatile liquid, thus isolating them from
solid surfaces containing gas nuclei. When the superheat limit is reached, boil-
ing begins spontaneously by homogeneous nucleation. High-speed microphotog-
raphy and fast-response pressure measurements are used to document the

explosion process.

The most important accomplishment of the present work is the elucidation of
the transient physical processes that occur after the onset of the evaporative
instability in highly superheated liquids. The detailed effects of ambient pres-
sure on the occurrence of the instability in small droplets boiling explosively at
the superheat limit has been systematically documented for the first time. In
the following chapters, high-resolution photographs and pressure measure-
ments are presented that illustrate the strong influence of ambient pressure on
the vapourization rate and the onset of the instability. By increasing the exter-

nal pressure it is shown that the instability may be inhibited altogether,



changing the nature of vapourization from an explosive event to that of stable
growth of a smooth vapour bubble. A transitional regime of vapourization has
been discovered, between unstable and stable boiling, that provides direct exper-
imental confirmation of the earlier hypothesis (Shepherd & Sturtevant, 1982)

that a two-phase jet forms during unstable boiling.

1.2. Large Scale Yapour Explosions

The explosive process caused by the rapid production of vapour in a liquid
boiling at the superheat limit is known as a vapour ezplosion, and it can be very
destructive when it occurs accidentally in industry or in nature. The hazards
associated with industrial vapour explosions provide a strong impetus for inves-
tigating the underlying physical processes that occur during rapid evaporation.
Over the last several decades a large number of investigators have attempted to
identify the circumstances that lead to vapour explosions (also called rapid
phase transitions or fuel-coolant interactions). The research effort has been
hampered by the nuraber of complicated processes that occur in practice dur-
ing a vapour explosion (e.g., multiphase flow, fragmentation, boiling heat

transfer, and non-equilibrium evaporation).

Reid (1983) reviews the occurrence of vapour explosions in a variety of indus-
tries as well as related laboratory-scale studies. Other authors that have
reviewed the widespread incidence of vapour explosions include Witte, Cox, &
Bouvier (1970), Anderson & Armstrong (1974), and Strehlow (1980). Large-scale
experiments that have been conducted to study vapour explosions typically
involve either dropping or injecting a hot fluid into a cooler volatile liquid and
observing if an explosion takes place. Experiments of this type usually provide
little insight into the details of the events that lead to the explosion, and conse-
quently there ié still considerable controversy regarding the underlying mechan-

isms that govern vapour explosions. The diversity of situations in which vapour



explosions occur has contributed to the variety of physical mechanisms that
have been hypothesized. A qualitative and comprehensive theory of vapour
explosions currently does not exist and none of the existing models that deal
with fuel-coolant interactions treat the important role of the evaporative insta-
bility discovered by Shepherd & Sturtevant (1982). The necessity of incorporat-
ing the significant effects of the instability into future theories provides incen-
tive for conducting small-scale exploratory experiments in simple systems to

investigate the basic phenomena.

After comparing explosive boiling incidents from different industries, Reid
(1983) suggested two criteria that are necessary for the initiation of a rapid
phase transition. First, intimate contact between a hot fluid and a cocler vola-
tile fluid is needed, and secondly the temperature of the hot fluid must exceed a
threshold value that is related to the superheat limit of the cooler liquid (see
Henry et al., 1975). For large-scale explosions a rapid increase in interfacial
area is necessary to provide efficient heat transfer for the rapid formation of
vapour. Many investigators have assumed that prefragmentation of the hot
fluid is a necessary condition for the onset of a vapour explosion. This assump-
tion (often left unstated) is based on comparisons that show that heat transfer‘
rates estimated to oécur during vapour explosions in industry are much larger
than characteristic heat transfer rates that occur in conventional boiling
processes (for example see Witte et al, 1970). Classical diffusive heat transfer
during stable boiling is not sufficient to supply the energy for rapid evaporation
unless the surface area for heat transfer is greatly enlarged. The distortion and
tearing of the liquid-vapour interface observed in the present experiments that
ceccur during the violent phase of the instability sufliciently enhance the tran-
sport of energy to explain the large observed rates of vapourization. Therefore,

fragmentation is effectively built into the instability mechanism.



Various fragmentation mechanisms have been presented to explain large-
scale explosions. For example, Board et al. (1974) carried out a series of experi-
ments that generated explosions by contacting molten metal with water. They
proposed that when the vapour film surrounding the molten metal collapses, a
jet of cold liquid is formed. The jet then penetrates the hot molten metal and
rapidly vapourizes, fragmenting the molten metal. The collapse of the vapour
film triggers an interaction that produces more vapour and the bubble
growth/collapse cycle in some cases may escalate into a large explosion. This
feedback process is elaborated in more depth by Buchanan & Dullforce (1973)
and Buchanan (1974). Unfortunately none of the researchers who have pro-
posed the vapour blanket collapse mechanism have ever observed the process to
actually occur. This mechanism may play a role in some explosions, particularly
ones involving liquid metals, but in other systems it fails to explain the observa-
tions. The time scale required for the formation and collapse of a vapour film
(on the order of milliseconds) invalidates the appropriateness of this model in
many cases in which an explosion is observed to occur microseconds after a
volatile cold liquid contacts a hot fluid (for example, in spills of some cryogens
onto water, Reid, 1683). The instability in the present experiments occurs dur-
ing the growth phase of vapour bubbles, while, for example, the Rayleigh-Taylor
instability, which is another mechanism for jetting but which occurs only upon

bubble collapse plays no role.

The physical processes involved in the escalation of a small-scale vapour
explosion into a large, coherent explosion are not well understood at present.
Hall & Board (1979) (see also Baines et al., 1980) have proposed that vapour
explosions may propagate in a manner analogous to a detonating chemical
explosion. Initially, a quasi-stable coarse mixture of fuel and coolant is assumed
to be present. The propagation of a shock wave, generated by an external dis-

turbance, through the mixture would initiate fragmentation and energy



transfer. The rapid production of vapour may then be sufficient to sustain the
propagation of the shock front. However, this model gives no insight into the
causes of the initial fragmentation of the hot liquid fuel in contact with the
coolant. Some authors (Drumheller, 1979; Witte et al., 1973; Reid, 1983 among
others) believe that in large-scale interactions under certain conditions there
must be a triggering phase, by which, after some incubation time, the explosion
is initiated. The present experiments suggest that under conditions in which the
boiling is neutrally stable (e.g., at elevated pressure) an external disturbance
can trigger the instability producing violently unstable boiling. It is likely that
the occurrence of a marginally steble situation is relatively common in applica-
tions. Under these circumstances a variety of mechanisms may trigger unstable

vapourization.
1.3. Previous Related Work

Many experimental and theoretical studies have been carried out to study the
growth of a vapour bubble in a superheated liquid. Plesset & Zwick (1954)
obtained a solution for an asymptotic stage of bubble growth, dominated by
heat transfer in a thin thermal boundary layer surrounding the bubble, in which
the square of the bubble radius grows linearly in time (see Appendix A). Dalle
Donne & Ferranti (1975) integrated the differential equations governing bubble
growth numerically, without prior assumption of a thin thermal boundary layer,
and obtained radial bubble growth rates for the vapourization of sedium at very
high superheats. Results from a more recent version of the classical theory of
the growth of a smooth bubble in a uniformly superheated liquid, that are in
reasonable agreement with the results of Dalle Donne & Ferranti (1975), can be
found in Prosperetti & Plesset (1978). Theofanous et al. (1969) and Jones &
Zuber (1978) theoretically investigated the effects of a variable pressure field on

bubble growth and the role of a nonuniform temperature field has been



considered by Zuber (1961).

Experimental studies utilizing high-speed movies (for example Dergarabedian,
1953, 1960; Hooper & Abdelmisseh, 1966; Kosky, 1968) show that at relatively low
superheats a growing vapour bubble has a smooth surface. Previous experi-
ments at the superheat limit (Apfel & Harbison, 1975; Avedisian & Glassman,
1981a) reported the explosive vapourization of droplets but had inadequate
temporal and spatial resolution to resolve the details of the instability observed
by Shepherd & Sturtevant (1982). The production of a two-phase flow during
unstable boiling observed in the present experiments seems to be most similar
to that seen during the flashing of free liquid surfaces by Grolmes & Fauske
(1974). They studied the behaviour of a saturated or slightly subcooled column
of liquid that was suddenly depressurized. After the expansion wave reached the
interface they observed a violent flashing action in which vapour plus entrained
liquid left the free surface. The superheats attained were less than 37°C, much
smaller than that attained at the superheat limit, and the measured mass flux

was an order of magnitude smaller than that estimated in the present expermi-

ments.

1.4. Role of Ambient Pressure

The results of the present investigation show that the occurrence of the ins-
tability may be suppressed by increasing the ambient pressure. The role of
ambient pressure may be understood by examining the p-T diagram shcwn in
figure 1.1. The saturation curve is calculated from the Reidel equation of state
(Reid et al., 1977) and the spinodal (defined by (8p/Bv)r = 0) is obtained by
differentiating the Peng-Robinson equation of state (Peng & Robinson, 1978).
The limit of superheat is observed to occur close to the liquid spinodal (Skripov,
1974), the locus of points of neutral mechanical stability of the liquid. It is well

known (Reid, 1976; Avedisian & Glassman, 1981a,b) that the limit of superheat is
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Figure 1.1 Pressure-temperature diagram for butane

relatively insensitive to ambient pressure. However, experiments reported by
Avedisian (1982) have shown that the substantial reduction of superheat at the
liquid spinodal (i.e., Ty — Tyq) as the critical point is approached has a strong
effect on the rate of vapourization of droplets after nucleation occurs. He used
high-speed photography to study the boiling of liquid droplets of n-octane at the
superheat limit at ambient pressures of 1, 6.8, and 12.1 bar. At atmospheric
pressure the droplets boiled in a violent manner although the vapourization
process is not resolved in the published photographs. At elevated pressures the
boiling was much less intense and the growing vapour bubble appears smooth.
The moderating effect of superheat reduction due to an increase in the external
pressure has been noted by a number of authors in the context of models for
large-scale vapour explosions (Buchanan, 1974; Drumheller, 1979; Henry & Fau-
sky, 1979). It has been observed that only a modest increase in ambient pres-
sure is needed to suppress the onset of vapour explosions in some fuel-coolant

interaction systems (Nelson & Buxton, 1978). Until now it was not known that



the moderating effect may be directly attributable to the suppression of the

intrinsic instability of rapid vapourization.

1.5. Outline of Present Work

The present work is an experimental inve.stigation of the physical processes
that occur during the explosive boiling of small liquid droplets at the superheat
limit. The experimental facility and instrumentation used to study the rapid
evaporation of droplets is described in chapter 2. Chapter 3 reports experi-
ments that were performed to determine whether the evaporative instability
discovered earlier in butane is found in other fluids. The various bubble growth
phases are documented with small-scale photographs and pressure measure-

ments.

Chapter 4 presents the outcome of experiments at elevated pressures and
contains the most important results of the present investigation. The moderat-
ing effect of an increase in ambient pressure on bubble growth is demonstrated.
Increasing the external pressure delays the onset of the instability and provides
a situation in which a great deal about the physics of unstable boiling may be
learned. In a transitional boiling regime, the instability is triggered in a late
stage of bubble growth, and the two-phase jet generated at the evaporating
interface is clearly visible. After the suppression of the instability at high pres-
sures. the bubble growth rate is predicted reasonably well by existing classical

bubble growth theories.

Chapter 5 contains a discussion of the Landau instability theory, first applied
to rapid evaporation by Sturtevant & Shepherd (1982), in which the effects of
variable ambient pressure are included. The relevance of planar and spherical
versions of the theory is discussed in light of the experimental results. Finally,
the behaviour of unstable boiling is investigated, and in particular the implica-

tions of the relatively simple quasi-steady nature of unstable boiling noted by
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Shepherd & Sturtevant (1982) is discussed.
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Chapter 2

EXPERIMENTAL FACILITY AND INSTRUMENTATION

2.1. Bubble Column Apparatus

The apparatus in the present experiments is a modified version of the bubble
column apparatus of Shepherd & Sturtevant (1982), redesigned for operation at
elevated pressures and temperatures. The basic apparatus consists of a vertical
column of host fluid in which a droplet of buoyant, immiscible test fluid is
imr'nersed. A heater at the top of the column, and cooling coil at the bottom
produce a stable temperature gradient in the host luid. The temperature in the
test section at the top of the column is monitored and maintained at the
superheat limit of the test fluid. A small drop of test fluid is injected into the
bottom of the vertical tube containing the host fluid. The test drop slowly rises
up the column and is heated by the transfer of heat from the surrounding host.
When the drop reaches the test section, homogeneous nucleation occurs and the
drop evaporates with an explosive pop. The explosive process is examined with
high-speed high-resolution microphotography and fast-response pressure

instrumentation.

The bubble column apparatus, shown in figure 2.1, is constructed of anodized
aluminum and consists of a test section (12.8 cm high, 10.2 cm square)
mounted on top of a pipe (5.1 cm o.d., 30.4 cm long) which together contain the
host fluid. The pipe is supported by a baseplate that contains the injection nee-
dle, viewing port and drainage valve. The baseplate is cooled by means of a
spiral cooling coil attached to the bottom of the baseplate. Good thermal con-
tact between the coil and baseplate is achieved by using high thermal conduc-

tivity epoxy to mount the coil to the plate. Circulating tap water through the
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coil maintains the temperature of the baseplate near room temperature.

The host fluid is heated by a heating element (500 W) that is clamped to a
plate above the test section. With the test section and column insulated, the
heater is capable of heating the fluid in the test section up to a maximum tem-
perature of about 175°C. The temperature in the test section is regulated by an
OMEGA model 4201 temperature controller. The controller utilizes a resistive
thermometer probe that protrudes into the test section to monitor and digitally
display the temperature to within 0.1°C. The controller directs current to the
electric heater with a magnitude that is proportional to the difference between é.
preset temperature value and the temperature measured in the test section.
With a judicious choice of the set-point temperature value, determined by trial
and error, it is possible to maintain the temperature in the middle of the test

section at the superheat limit temperature of the test fluid to within 0.5°C.

Experiments were carried out with the ambient pressure inside the test sec-
tion varying between 0.25 and 4.5 bar absolute. To maintain the fluid within the
test section at high temperatures (typically 150°C) and under pressure it is
necessary to use high temperature viton o-ﬁngs rather than conventional o-
rings to seal the test section windows. To operate the experiment at elevated
pressures, high pressure nitrogen gas is applied above the fluid in the test sec-
tion through a hollow aluminum cylinder that extends upwards from the top of
the test section. To obtain pressures below atmospheric pressure, a vacuum
pump is used to partially evacuate the air above the host fluid within the test
section. To control the flow rate of air out of the test section, a fine metering
valve (.79 mm orifice diameter) is utilized between the vacuum pump and the

test section.

A schematic of the droplet injection system is shown in figure 2.2. The plug

containing the injection needle is mounted in the bottom of the baseplate and
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the needle extends upwards into the host fluid in the lower part of the column.
Test fluid is injected into the bottom of the column through a #27 gage hypo-
dermic needle that is connected to the test .ﬂuid reservoir via standard LUER-
LOK fittings and tygon tubing (.76 mm i.d.). A droplet of test fluid is formed on
the end of the needle by manually operating an OMEGA MASTERFLEX peristaltic
pump. Small drops (typically 1 mm diameter) remain attached to the needle
due to surface tension. A small jet of host fluid is used to dislodge a drop from
the needle. The jet is generated with another peristaltic pump and is directed
towards the drop on the needle by two tubes that are located adjacent to and

below the needle tip. The injection needle is viewed through a telescope
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attached to a viewing port. The test fluid and host fluid reservoirs are pressur-
ized to the same pressure level as the test section to facilitate droplet injection

when the experiment is operated at elevated pressures.

The injection system has no refrigeratioﬁ capability and the test fluid dro-
plets are injected at room temperature. This limits the injection system to
operating at ambient pressures above the vapour pressure of the test fluid at
room temperature. Butane has a normal boiling point of -0.5°C and a vapour
pressure of about 2.2 bar at room temperature (22°C) and as a result butane
can only be injected and studied while the bubble column is pressurized. Ether,
with a vapour pressure of about 0.63 bar at 22°C can be studied at subatmos-
pheric pressures. Experiments have been carried out at pressures as low as
0.25 bar by first injecting a droplet at an ambient pressure above its vapour

pressure, then lowering the pressure as the droplet rises up the column.

To operate the experiment the heater is first turned on and tap water is cir-
culated through the cooling coil. It takes about two hours for the temperature
of the fluid within the test section to reach 150°C. The temperature probe
readout is monitored to determine when a steady state temperature gradient is
obtained within the test section. A number of test drops with the same diameter
are injected to determine the vertical location within the test section where
homogeneous nucleation occurs. A time interval of several minutes between the
injection of each drop allows the mixing generated by the explosion to subside
and the temperature measured in the test section to return to its steady state
value. Small changes to the temperature of the host fluid in the test section are
made until the drops explode near the centre of the test section. After aligning
the optics and readying the electronics in anticipation of an explosion, an exper-

imental run can begin.
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2.2. Description of the Host and Test Fluids

The choice of host and test fluids is dictated largely by convenience and the
experience of previous investigators. The selection of a host fluid is limited by
the requirements that it must (i) be immiscible with the test fluid, (ii) be more
dense than the test fluid, (iii) have a surface tension sufficiently high to insure
homogeneous nucleation, and (iv) have a boiling point higher than the
superheat limit of the test fluid. Glycerol satisfies the above criteria and is used
as the host fluid. After prolonged use at elevated temperatures, glycerol
develops a slight yellowish discolouration. When this becomes noticeable the

column is drained and refilled with fresh glycerol.

Three volatile hydrocarbons are primarily used as test fluids: pentane, iso-
pentane, and ethyl ether. All three are liquid at room temperature and have
superheat limits (148°C, 139°C, 147°C, respectively, at atmospheric pressure) low .
enough to allow the use of conventional piezoelectric pressure transducers
immersed in the test section. At the superheat limit superheats of typically
112°C are attained, slightly higher than the 1056°C achieved using butane at
atmospheric pressure in the previous experiments by Shepherd & Sturtevant
(1982), and much higher than most early experiments (Dergarabedian, 1953;
Florshuetz et al., 1969; Hewitt & Parker, 1968; Kosky, 1968). Butane and acetone
are also used as test fluids in the present experiments although no photographs
were obtained for acetone. Representative properties of the host and test fluids

can be found in tables 2.1, 2.2, and 2.3.

The fluids used are all of 'reagent” grade except acetone which was labelled as
"spectrophotometric” grade with a stated minimum purity of 99.5%. The gly-
cerol, pentane and isopentane are obtained from the J.T. Baker Chemical Co.,
and the ether and acetone are from Mallinckrodt Inc., and American Scientific

Products, respectively. No extra measures were taken to purify the test fluids.
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In earlier experiments, Shepherd (1981) used technical grade butane and found
that every drop containing only pure test fluid reached the superheat limit
before exploding. In the present experiments the drops consistently explode
Wiihin the temperature range reported by other experimenters (Blander & Katz,

1975).

2.3. Pressure Measurements

The pressure fleld generated by an exploding droplet is recorded using a fast-
response piezoelectric pressure transducer. The pressure signal provides infor-
mation about the explosive vapourization process as well as providing a trigger
for photographing the drop. The transducer used is a PCB model 112A0% high-
sensitivity quartz transducer manufactured by Piezotronics. Relevant features
of the transducer include short response time (rise time = 2 usec), high tem-
perature operation (maximum temperature = 200 °C) and low sensitivity of the
output to temperature changes (temperature coefficient = 0.02 %/°C). The
transducer is able to detect very small pressure fluctuations. The resolution of
the transducer is limited by the background noise level which has a peak-to-

peak value of about 3 mbar when the transducer amplifier is set for maximum

sensitivity.

The transducer is flush-mounted in an aluminum or brass plug that is
located inside the test section in one of the two configurations shown in figure
2.3. In configuration A the transducer is located near the exploding drop (the
drop/transducer distance is typically 5-6 mm) to obtain a signal that is used to
trigger the light source used for photography. From table 2.1, the sound speed
in glycerol at 150°C is 1.6 mm/usec, so it takes about 4 usec for the primary
blast wave generated by an exploding droplet to reach the transducer. The pres-
sure measured by the transducer is the sum of the primary waves that travel

directly from the drop and the secondary waves that reach the transducer after
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reflections within the test section. The contribution to the total recorded pres-
sure from the secondary waves will be much less than that of the primary waves
as a result of the intrinsic rapid decay in amplitude of a spherical acoustic wave
with distance from the source. Configuration B is used to obtain information
about the early stage of the explosion (the first 20 usec) before any secondary

waves reach the transducer.

The proximity of the transducer baffle to the exploding droplet has no discer-
nible effect on the dynamics of the vapour bubble growth within the droplet.
However, after the vapourization is complete and the vapour bubble has grown

to a large size, in some cases it comes into contact with the transducer baffle. If
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this occurs, the shape of the bubble as it collapses and oscillates is strongly
affected by the presence of the baffle. The bubble behaviour under these cir-
cumstances is remniscent of the collapse of a cavitation bubble near a wall (see
Appendix A). Thus, for the majority of photographs, the transducer baffle is
located sufficiently far from the exploding drop to have no effect on the vapouri-

zation process.

The pressure signal detected by the transducer is recorded by a Nicolet 4094
digital oscilloscope, and stored on a 5X" format floppy disk. The digital pressure
data are then transferred via a GP-IB interface to a PDP 11/23 computer for

data analysis and plotting.

-

The Nicolet oscilloscope has several convenient features that facilitate the
triggering of the light source for photography. In particular, the threshold level
for triggering can be displayed and adjusted while simultaneously viewing the
live input signal. Secondly, when a triggering event occurs, a TTL-compatible
pulse is generated at an external output. This pulse is used to trigger a Wavetek
50 MHz pulse generator which subsequently triggers the light source after a vari-
able time delay. Finally, the 'pretrigger” option on the oscilloscope allows a por-
tion of the pressure signal to be saved that is detected prior to the occurrence

of the triggering signal.

2.4. Photography

The large differences in the indices of refraction of the host liquid (nggc =
1.47), the test fluids (nggec = 1.33 - 1.36) and the test fluid vapour (n = 1.000)
produce difficulties in photographing the vapour bubble within the liquid drop.
If parallel back-illumination is used, the drop refracts the incoming light, caus-
ing the image of the drop to appear opaque and obscuring the details of the
interior of the drop. The key to obtaining good pictures lies in the use of very

diffuse back-illumination (Shepherd, 1981). An efficient opal glass diffuser is
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used and is located as close as possible (about 15 mm) to the exploding droplet

(see figure 2.4).

Figure 2.4 shows the photographic setup that is usually employed, although

the camera to record the side-scattered light is not always used.
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Figure 2.4 Photographic setup
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Two Nikon FEZ 35 mm cameras with 85 mm lenses and bellows attachments are
used to obtain simultaneous, perpendicular views of a vapourizing drop. For the
camera recording the back-lit view of the drop, an aperture setting of /186 and
a magnification of about 1.5 on the negative give the optimum trade-off between
depth of fleld and resolution for the given amount of light available. The camera
with the side-lit view receives much less light and it is necessary to open the
aperture a further three stops to a setting of £{/5.6, at the expense of depth of
field, to obtain a satisfactory image with the same magnification. The light
source used is a spark gap that produces a linear spark with a length of 7 mm
and a typical duration of 1 usec. The upper electrode is charged to 10 kV and
the spark gap is triggered by applying a high voltage pulse to a small wire
mounted concentric with the lower electrode. The electrodes are contained in a
plexiglas enclosure that is filled with an Ar/Air (70%/30%) gas mixture. Kodak
400 ASA TRI-X film is used in both cameras. For the camera in line with the
spark gap, the film is developed using HC-110 developer, while for the camera
receiving only side-scattered light, the film is push-processed to 1600 ASA using

an ultra-fine grain developer (DIAFINE).

The pressure signal that is detected by the transducer during the explosion
of a droplet is used £o trigger the electronic circuitry that send's a triggering
pulse to the spark gap after a preset time delay. When the pulse arrives at the
spark gap, after a short delay (usually less than 5 usec), the spark gap fires. At
this time the room lights are off, the camera shutters open, and the image of
the evaporating droplet is recorded. The electromagnetic noise generated when
the spark gap fires produces a sharp spike on the transducer pressure trace
recorded by the oscilloscope. By measuring the time interval from the beginning
of the pressure signal to the appearance of the spike, and adding the
drop/transducer acoustic transit time, a time corresponding to each photo-

graph can be determined. This is the time that is used to label the photographs
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Table 2.1. Physical Properties of Glycerol

Property Symbol Value Units
Melting temperature Trmp 18 °C
Boiling temperature Top 290 °C
Critical temperature T: 453 °C
Critical pressure P, 68 atm
Density (20°C) p 1.26 g/cm?
Specific Heat (20°C) Cp 1.2 J/g°C
Thermal Conductivity (20°C) k 2.6x1073 | W/em°C
Viscosity (20°C) “ 1490 cP

(100°C)! 37 cP

(150°C)! 2.7 cP
Index of refraction (20°C) n 1.475
Sound speed (25°C)®? a 1904 m/s

(150°C)? 1629 m/s

Acoustic impedance (150°C)® pa 1.59x10°% | g/embPs

1. Estimated using the Andrade correlation (Reid et al,, 1977)
2. From CRC Handbook of Chemistry and Physics
3. Density estimated from Rackett {1970)

discussed in the following chapters.
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Table 2.2. Properties of Butane, Pentane and Iscpentane

Property Butane Pentane Isop.

Critical pressure 38.0 - 33.7 33.8
P, (atm)

Critical temperature 156 196.5 187.3
T. (°C)

Boiling temperature -0.5 36.1 27.9
pr (QC)

Superheat limit? 105.0 147.8 139
Tsl (OC)

Liquid density (@bp)? 0.613 0.633 0.629
p (g/cm?)

Vapour density (@ bp)? 2.66x107% | 2.91x107% | 2.98x107°
pv (g/cm®)

Specific heat (@ bp)* 2.35 2.40 2.32
cp (J/g°C)

Latent heat (@bp)° 385 357 339
L(J/g)

Thermal diffusivity (@bp) | 8.4x10™* | 7.3x10™* B.0x10™
D (em?/s)

Surface tension (@bp)8 14.81 14.27 14.09
o (dyn/cm)

Jacob number (@ bp)” 0.643 0.751 0.760

Ja

NN AN

LJa = Cp(Tsl - pr)/L

. Measured values from Blander & Katz (1975)
. Estimated using the Tyn and Calus Method (Reid et al., 1877)

. Estimated using the Thompson correlation {Thompson & Sullivan, 1878)
. Estimated using & corresponding-states method (Reid et al., 1977)

. Estimated using the Chen Method (Reid et al., 1977)
. Estimated using & corresponding-states method (Reid et al., 1977)
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Table 2.3. Properties of Ethyl Ether and Acetone

Property Ether Acetone

Critical pressure . 36.4 46.4
P, (atm)

Critical temperature 193.8 235
T; (°C)

Boiling temperature 34.6 58.3
pr (QC) '

Superheat limit! 147 174
T (°C)

Liquid density (@ bp)? 0.709 0.822
i (g/cm?)

Vapour density (@bp)3 3.12x107% | 2.54x1078
pv (g/cm®)

Specific heat (@ bp)* R.24 2.28
cp (§/g°C)

Latent heat (@bp)® 358 513
L(I/g)

Thermal diffusivity (@ bp) 7.7x107¢ B.4x10™*
D (cm?/s)

Surface tension (@ bp)® 15.30 19.93
o (dyn/cm)

Jacob number (@bp)” 0.703 0.522
Ja

Sound speed (@ Ty )? 391 504
a (m/s)

Acoustic impedance (@ T,;)® | 2.07x10*% | 3.11x10*

pa (g/cm?s)

LJa o= Cp(Tu - pr)/L

DO LM A WD -

. Measured values from Blander & Katz (1975)
. Estimated using the Tyn and Calus Method (Reid et al., 1877)
. Estimated using the Thompson correlation (Thompson & Sullivan, 1879)
, Estimated using a corresponding-states method (Reid et al., 1877)

Estimated using the Chen Method (Reid et al., 1877)
Estimated using a corresponding-states method (Reid et al., 1977)

. From CRC Handbook of Chemistry & Physics
. Density estimated from Rackett (1970}
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Chapter 3
EXPERIMENTAL RESULTS AT ATMOSPHERIC PRESSURE

3.1. Introduction

In this chapter experiments are reported whose purpose was to determine (i)
whether the evaporative instability discovered by Shepherd & Sturtevant (1982)
in butane is found in other liquids, and (ii) the generality of the wide range of
phenomena they observed earlier during the explosive boiling of a droplet. This
chapter presents a selection of photographs and pressure traces that provides a
survey of the various physical processes that are observed to occur during the
vapourization of a highly superheated droplet at atmospheric pressure. The
effects of ambient pressure on the dynamics of rapid vapourization are con-
sidered in the next chapter. It will be shown that by varying the ambient pres-
sure the onset of the instability on the evaporating interface can be delayed
substantially, a feature that can eflfectively be used to elucidate a great deal

more about the physics of vapour explosions.

To investigate the ‘occurrence of the instability in other fluids, three different
fluids are studied at atmospheric pressure in the current investigation: pentane,
isopentane, and ethyl ether. The interfacial instability, which develops on the
surface of the vapour bubble growing within a drop, occurs in each fluid and
substantially enhances the vapourization rate. Similar repeatable, dynamical
effects are observed in each case. In this chapter a series of detailed photo-
graphs is used to document the behaviour of unstable boiling at atmospheric
pressure. The results are organized to illustrate (i) the onset of the instability,
(ii) the unstable growth of the vapour bubble within a drop, (iii) the structure of

the nonevaporating bubble surface and evaporating interface, and (iv) the
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subsequent behaviour of the vapour bubble after the completion of vapouriza-

tion.

3.2. Onset of the Instability at Atmospheric Pressure

Figure 3.1 shows a series of photographé taken at early times during the
explosive vapourization of ether droplets (with typical diameters of 1-2 mm) at
atmospheric pressure. The time listed below each drop is the elapsed time since
the pressure wave first left the drop. The drops are shown immersed in glycerol,
which appears light grey or white in the photographs. Each picture depicts the
vapourization of a different drop; the nucleation of the vapour bubble occurs at
random asymmetric locations within the drops, always rather close to the drop

boundary.

From the photographs alone, it is impossible to show definitely that the
vapour bubble nucleates insidé the drop (homogeneous nucleation) rather than
on the surface of the drop (heterogeneous nucleation). The location where
nucleation occurs for a drop immersed in a host fluid is a function of the sur-
face tensions of the test and host fluids and the interfacial tension between the
two fluids. The vapour nucleus will form in a configuration that requires the
least energy to generate the new surface. Jarvis et al. (1975) investigated the
various mechanisms of bubble nucleation, theoretically and experimentally, and
concluded that homogeneocus nucleation occurs for droplets of n-pentane
immersed in ethylene glycol. The surface tensions of pentane, isopentane and
ether are comparable (see tables 2.2 and 2.3) and the surface tension of
ethylene glycol is close enough to that of glycerol to suggest that the same con-
clusion holds in the present experiments. The observation that the droplets
always explode at, or very close to the superheat limit is also a good indication
that homogeneous nucleation occurs. So in summary, the evidence is strong

that the vapour nucleus forms inside the drop near the surface, grows, and
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Figure 3.1 Onset of the instability in ether at atmospheric pressure
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comes into contact with the drop surface after a short period of time (typically

less than B usec).

In each photograph in figure 3.1, the vapour bubble has grown large enough
to contact the surface of the drop. The impact of the growing bubble with the
drop surface produces a protrusion of the nonevaporating part of the bubble
into the host fluid. Drops 4 and F contain vapour bubbles that appear tran-
sparent and have smooth surfaces. At some time between photographs 5 and C
a small-scale roughness develops on the bubble surface. This surface instability
appears to be initiated near the line of contact between the evaporating bubble
surface and the hot host fluid. The contact between the vapour bubble and the
host fluid plays a role in the onset of the instability but in some cases (e.g., at
high pressure) it is not sufficient to initiate unstable boiling. A large pre-
instabilily mass flux across the evaporating surface must also be present. In
the next chapter it will be shown that by increasing the ambient pressure, and
thereby decreasing the bubble growth rate and evaporative mass flux, it is possi-

ble to suppress the onset of the instability altogether.

After the vapour bubble contacts the bubble surface, unstable heterogeneous
nucleation spreads out on t.he surface of the droplet while the vapour bubble
continues to grow towards the centre of the droplet. This dual character of the
vapourization near the edge of the droplet at early times is clearly exhibited in
figure 3.2. The photograph of the pentane drop was taken 10 usec after the ini-
tial nucleation. The vapour bubble nucleated on the side of the drop away from
the viewer so that the evaporating interface is viewed through the drop. The
bubble appears to be embedded in a patch of vapour that spreads out away
from the bubble near the drop surface. The rough surface of this region sur-
rounding the bubble indicates rapid unstable boiling. At this stage of bubble

growth, the cooling effect of vapourization causes the temperature of the liquid
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Figure 3.2 Early stage of vapourization in pentane at atmospheric
pressure

al the smooth bubble surface to be near the saturation temperature, substan-
tially lower than that of the nearby host fluid (see Appendix B). The large tem-
perature gradients near the bubble imply large gradients in surface tension.
The surface tension of the pentane near the drop edge (at the superheat limit
temperature) is lower (by more than a factor of 4, 14.3 dyn/cm to 3.3 dyn/cm)
than that of the liquid at the bubble surface (approximately at the saturation
temperature) within the drop. It is plausible that the relatively lower surface

tension al the drop edge promotes the spreading of unstable boiling along the

surface of the drop.

After the onset of the instability, disturbances develop on the initially smooth
evaporating surface within the drop, substantially enhancing the vapourization
rate. The small-scale surface distortions refract incoming light and cause the
vapour region to appear opaque in the photographs. In photographs F and F of
figure 3.1 the central portion of the evaporating interface appears to have a
smoother surface than the outer part of the interface that is closer to the edge

of the drop. This small nonuniformity is presumably a remnant of the initial
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smooth growth of the vapour bubble. This feature is not evident at later times,
when the small-scale perturbations appear uniformly distributed across the eva-

porating surface.

Each exploding droplet produces a pressui-e field that is characteristic of the
growth of the vapour bubble within the drop. The pressure trace shown below
the photographs in figure 3.1 is the overpressure measured by the pressure
transducer a short distance (9 mm) away from an exploding droplet of ether
with a diameter of 1.3 mm. The first two pressure peaks are remarkably repeat-
able from one explosion to the next. The first pressure pulse, which peaks after
about 4 usec, is a result of the blast wave produced by the initial nucleation and
growth of the smooth vapour bubble. The sudden pressure rise after about 8
usec coincides with the onset of the instability and an increase in the vapouriza-
tion rate. The subsequent small-scale pressure oscillations are probably due to
the reverberations within the drop of the compression wave generated by the
initiation of unstable bubble growth. The large difference in the acoustic
impedances of glycerol and ether (see tables 2.1 and 2.3) causes a portion of the
acoustic wave incident on the ether/glycerol interface to be reflected back into
the drop. The fact that the round-trip acoustic transit time (about 6.5 usec)
matches the perioci of the pressure perturbations supports the above

hypothesis.

3.3. Unstable Vapour Bubble Growth

After the onset of the instability, the vapour bubble grows rapidly, consuming
the liquid within the drop. An overview of the unstable vapourization process
and a discussion of the pressure field generated by the explosion will now be

given.
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3.3.1. Overview of Bubble Growth. Figure 3.3 shows a series of photographs
of droplets of ether illustrating the growth of the vapour region after the onset
of the instability. A number of repeatable features are evident from these pho-
tographs, the most important of which is the small-scale roughness on the eva-
porative liquid-vapour interface. The opaqueness of the bubble prevents a
direct observation of the unstable boiling process at the evaporating interface.
The rough surface of the vapour bubble is quite different from that observed in
boiling liquids at lower superheats, where the bubble surface usually has a
smooth, glassy appearance. The instability that distorts the evaporating surface
appears in the earliest pictures shown here and persists at a nearly constant
amplitude during the vapourization of the drop. After the vapour bubble comes
into contact with the host fluid, a portion of the bubble surface becomes
nonevaporating. This evaporatively dormant surface exhibits a considerable

amount of small-scale structure.

Another feature of the bubble growth is a characteristic bulging into the host
fluid that is observed in each case when the initial bubble has grown large
enough to contact the boundary of the drop. In figure 3.3, the photographs
taken at 31, 44 and 65 usec show views of the evaporating surface and the
smooth cap structure in profile. In the drop photographed after 58 usec, the
orientation of the protrusion is towards the viewer. The final photograph in the
figure was taken after the liquid in the drop has completely evaporated. The
smooth portion of the bubble surface is the remnant of the cap structure that

was formed during the unstable boiling.

3.3.2. Pressure Signals. Figure 3.4 shows a typical pressure trace recorded
for each exploding droplet shown in figure 3.3. The overall shape of the pressure
trace is repeatable, although the small-scale structure varies from one explo-

sion to the next. After nucleation and the onset of the instability, the pressure
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Figure 3.3 Bubble growth in ether droplets at atmospheric pressure



-33-

1.0 T T T Y T Y
.8

& .5

a

p 4

o |

n

o .2

o

Q.
)

-.2 . - : . : .

-.05 .00 .08 .10 .15 .20 .25 .30
Time (msec)

Figure 3.4 Pressure trace for an exploding ether droplet

increases roughly linearly. The effective radius of the vapour region also grows
linearly (Shepherd & Sturtevant, 1982). During this quasi-steady unstable boil-
ing period, the growing vapour bubble acts like an expanding volume source and
radiates compression waves. The pressure reaches a maximum (after about 150
usec for a 1.3 mm diameter drop) when the liquid in the drop is completely
vapourized. The overpressure within the bubble and the radial motion of the
liquid surrounding it cause the bubble to continue to grow and overshoot its
equilibrium radius. Further expansion relieves the overpressure and the radial
bubble growth is retarded. The decelerating bubble radiates expansion waves

and the pressure recorded by the transducer falls, as shown in figure 3.4.

Well-defined small-scale pressure oscillations are observed on the initial por-
tion of each of the pressure traces recorded at atmospheric pressure. The oscil-
lations persist typically for several cycles before they decay and are replaced by

randorn small-scale pressure fluctuations. Changes in the drop-transducer
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orientation and the random location of the bubble within the drop lead to varia-
tions in the detailed structure of the pressure trace from one explosion to the
next. Factors that produce systematic differences between the pressure traces

include variations in the drop diameter and &rop-transducer distance.

Figure 3.5 shows a pressure trace in which the early pressure oscillations
have a particularly large amplitude and persist for at least 80 usec. This pres-
sure trace was generated by the explosion of a 1.7 mm diameter drop of isopen-
tane located 4 mm away from the transducer baffle. The photograph of the drop
was taken 40 usec after the initial pressure wave left the drop. The proximity of
the drop to the transducer baffle shown in the photograph, and the specific
orientation of the vapour region in the drop with respect to the transducer both
contribute to the large pressure amplitude recorded. The time interval between
successive pressure minima from the pressure trace is plotted as a function of
time in figure 3.8. The frequency of the small-scale pressure oscillations
increases with time as the drop evaporates. This behaviour supports the earlier
hypothesis that the oscillations are caused by the reverberations within the
drop of the blast wave generated by the onset of the instability. As the quuid.
within the drop evaporates, the round-trip transit time for an acoustic wave
within the drop will subsequently decrease. The transit time should go to zero
when the liquid in the drop is completely evaporated. In fact, if the data in
figure 3.8 are extrapolated, the oscjllation period goes to zero at roughly the
same time as the pressure trace in figure 3.5 reaches a maximum which

corresponds to the completion of the evaporation.
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3.4. Structure of the Unstable Evaporaling Interface

The structure of the evaporating interface plays an important role in the
dynamics of bubble growth. By distorting the interface and increasing the sur-
face area available for evaporation, the presence of the instability causes a sub-
stantial increase in the vapourization rate. After the initial development of the
instability, the growth of the disturbances becomes nonlinear, saturates, and
the amplitude remains roughly constant during the evaporation of the drop.
The evaporating surface is only visible in certain photographs, depending on the
orientation of the initial nucleation. Figure 3.7 shows a drop of isopentane that

is nearly complelely vapourized.

Figure 3.7 View of the evaporating interface in a 24 mm diameter
drop of isopentane

The drop has been evaporating for 94 usec, and only the lower portion of the
drop remains liqguid. Subject to the "fish-eye" lensing effect of the remaining
liguid, it is possible to see up ingide the drop and view the perturbations on the
evaporating surface. The portion of the liquid-vapour interface in view has a

regularly wrinkled appearance.
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Figure 3.8 shows a series of photographs of isopentane drops in which the ini-
tial vapour bubble and subsequent cap structure have formed on the side of the

drop eway from the viewer,

fmm
e

Figure 3.8 The active evaporating surface of isopentane vapourizing at
atmospheric pressure viewed from below at 11, 43, 87, and
67 wsec, respectively

Az a result, the scale of the perturbations on the evaporating surface may be
observed. Although the roughening appears random in orientation and many
length scales are present, the length scale of the smallest perturbations appears

to remain roughly constant throughout the evaporation process This
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observation will be relevant later in the discussion of the theoretical models for

the instability. Figure 3.9 contains an enlargement of the third photograph in
figure 3.8 and shows that the length scale of the disturbances visible on the

lower portion of the evaporating surface is on the order of 100 .

100 um
| —

Figure 3.9 Small-seale disturbances on the evaporating surface within
ar isopentane droplet

The evaporating surface has a similar appearance in the other liquids tested.

For example, figure 3.10 shows an obligue view of the evaporating surface in a
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Figure 3.10 Oblique view of the evaporating interface in a 25 mm
diameter drop of butane

partially vapourized drop of butane. Once again the length scale of the smallest

perturbations is on the order of 50-100 um.

3.5. Structure of the Bubble Surface

The nonevaporating portion of the vapour bubble that is in contact with the
host fluid displays a considerable amount of small-scale structure. This surface
structure is a remnant of the contact between the highly distorted evaporating
interface and the host fluid, but it is, in addition, subject to the smoothing
effects of surface-wave propagation. The surface perturbations persist even
after the drop is completely vapourized. Figure 3.11 shows two completely
vapourized drops of ether photographed after 154 usec and 1B2 usec, respec-
tively. Both photographs exhibit a gradation in length scale of the structure on
the surface of the bubbles. The most recenhly‘ formed surface, for example near
the bottom of bubble A, has the smallest scale, whereas the older surface struc-

ture al the top of the bubble has a larger scale, presumably due to surface-wave
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Figure 3.11 Bubble surface structure on fully vapourized drops of ether

spreading.

The hemispherical cap structure visible on the upper portion of each bubble
in figure 3.11 is a remnant of the smooth protrusion that was observed at ear-
lier times in the photographs in figure 3.3. This characteristic bulging of the
vapour bubble into the host fluid was observed in butane by Shepherd & Stur-
tevant (1982) and occurs in all three liquids photographed at atmospheric pres-
sure in the present experiments (see figure 3.12). Shepherd & Sturtevant (1982)
conjectured that the protrusion and associated circumferential waves are both
driven by a vapour jel that is generated at the evaporating surface and impinges
on the opposing bubble surface. They also speculated that a substantial amount

of liguid may be torn from the liquid-vapour interface during the time when the
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Figure 3.12 Smooth cap structure on drops exploding at atmospheric
pressure. Drop diameters; pentane, 2.0 mm, ether, 2.0 mm:
isoperitane, 2.5 mm.

mass flux across the interface is at a maximum. In the present work, direct evi-
dence of the existence of a two-phase evaporative jet during unstable boiling has
been obtained and will be presented in the next chapter. It will also be shown
that the last portion of liquid to vapourize in a drop boils in a particularly
violent fashion as a result of additional heating by the host fluid. At this late
stage, the drops torn from the evaporating surface may be large enough to
remain intact and splatter on the opposite side of the bubble. Judging by the

smooth appearance of the caps in figure 3.12, at early times the liquid particles

in the jet are small enough that they evaporate before reaching the host fiuid.

Figure 3.13 shows a sequence of photographs of isopentane drops evaporating
at atmospheric pressure together with a characteristic pressure trace. A small
amount of liquid remains in the lower portion of the drop in photograph 4. The
remaining photographs document the subsequent expansion of the vapour bub-
ble and corresponding changes in the bubble surface structure. The smooth cap

visible near the top of sach bubble grows in size with time as the surface waves
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Figure 3.13 Structure of the bubble surface for isopentane drops
exploding at atmospheric pressure
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spread and decay in amplitude. Of particular interest is the small-scale rough-
ness that first appears in photograph C on the otherwise smooth remnant cap.
This splattered appearance becomes more prominent at later times and by pho-
tograph £ a significant cratering of the surface has occurred. This surface dis-
turbance is caused by small liquid droplets torn from the evaporating surface
that survive the flight across the inside of the bubble to impact the hot host
fluid and vapourize in a spray of micro-explosions. The velocity of the particles
ejected from the evaporating surface (estimated to be approximately 50 m/s in
the next chapter) is larger than the growth rate of the bubble so the spray con-

tacts the bubble surface before the bubble stops expanding.

3.8. Bubble Collapse and Oscillation

After a drop is completely vapourized the bubble continues to expand (see
figure 3.11 for example) as a result of the overpressure within the bubble and
kinetic energy stored in the outward radial motion of the liquid surrounding the
bubble. The pressure within the bubble falls below the ambient pressure caus-
ing the bubble to slow its expansion and ultimately collapse and oscillate
violently on a millisecond time scale. Figure 3.14 shows the characteristic
behaviour of the far-field radiated pressure during bubble oscillation. The pres-
sure rises sharply a.n.d reaches a maximum when the vapourization of the liquid
in the drop is completed. The pressure decreases to a broad minimum as the
bubble reaches its maximum radius. The bubble then collapses causing the
radiated pressui'e to rise and reach a maximum when the bubble reaches its

minimum radius. The bubble rebounds and the process repeats itself.

The points on the pressure trace in figure 3.14 labelled A and B correspond to
the times for the two photographs shown in figure 3.15. Photograph 4 shows an
ether bubble shortly after it has started to collapse. Disturbances have begun to

distort the bubble surface from its initial spherical shape. When the bubble
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Figure 3.14 Long time behaviour of pressure radiated from exploding
and oscillating drop of ether. (4 and B refer to the photo-
graphs in figure 3.15)

reaches its minimum radius and rebounds the bubble surface is subject to
tremendous radial accelerations (estimated to be on the order of 10%*g by
Shepherd & Sturtevant, 1982), and the surface breaks up subject to the
Rayleigh-Taylor instability (Taylor, 1950). The isopentane bubble in photograph
B was photographed during the second collapse of the bubble and illustrates the
extent of the surface deformation after only one bubble oscillation cycle. The
distortions grow as the bubble continues to oscillate and eventually the surface
breaks up into a cloud of small bubbles. The amplitude of the radiated pressure
signal decays as the energy contained in the radial bubble motion is dissipated.
However, the frequency of the pressure oscillation remains remarkably constant
even after the break-up of the bubble, indicating that the cloud of small bubbles
that is formed oscillates effectively like one bubble. The collapse and oscillation

of butane bubbles has been well documented by Shepherd (1981) and nothing
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Ether Bubble
During First
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Isopentane
Bubble During
Second Collapse

Figure 3.15 Bubble collapse and oscillation



- 46 -

fundamentally new has been observed during this stage with different fluids in

the present experiments.
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Chapter 4

EFFECTS OF AMBIENT PRESSURE ON THE EVAPORATIVE INSTABILITY

4.1. Introduction

The explosive behaviour of a liquid vapourizing at the superheat limit is par-
ticularly sensitive to the magnitude of the ambient pressure. The value of the
ambient pressure determines the superheat at the liquid spinodal (i.e.,
To — Taat). Increasing the ambient pressure decreases the superheat and has a
moderating effect on vapour bubble growth. Conversely, lowering the ambient
pressure below atmospheric pressure enhances the vapourization rate and

makes the drops boil even more explosively.

The importance of being able to control the violence of rapid vapourization
by varying the ambient pressure becomes particularly apparent at elevated
pressures. Increasing the ambient pressure slows the vapourization rate and
provides a convenient opportunity to view the onset of the instability and the
development of unstable boiling. In fact, if the pressure is raised high enough, it
is possible to inhibit the instability altogether and change the nature of the
vapourization from an explosive event to that of stable growth of a smooth
vapour bubble. In this chapter results are presented that show the effect of
ambient pressure on the vapourization process and illustrate the physical

processes that occur during unstable boiling.
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4.2. Enhanced Explosive Boiling

The intensity of the explosion generated by a drop boiling at the superheat
limit can be enhanced by running the experiment under a partial vacuum.
Lowering the ambient pressure leads to an increase in the superheat achieved at
the spinodal. For example, for ether at 0.25 bar the superheat attained is about
145°C, a 30% increase over the corresponding value at atmospheric pressure. An
increase in the vapourization rate is reflected in the magnitude of the far-field
pressure field generated by bubble growth. The pressure level recorded by the
transducer is a function of the size of the drop and the distance from the drop
to the transducer, so it is difficult to quantitatively compare the pressure traces

from different explosions.

Figure 4.1 shows three drops of ether vapourizing at ambient pressures of
0.25, 0.50, and 0.85 bar that were photographed after 20, 18, and 11 wusec,
respectively. The pressure traces recorded by the transducer are shown below
the photographs. These particular drops and the corresponding pressure traces
were selected for the purpose of comparison because they are all roughly the
same size (with an average diameter of 1.7 mm) and because they each exploded
at the same location with respect to the transducer (7 mm from the transducer
face). Note that as i’.he ambient pressure decreases, the slope of the pressure
rise recorded by the transducer increases, indicating an enhanced vapourization
rate. The increase in the vapourization rate is modest and the time for a drop
to completely evaporate (corresponding to the time the radiated pressure
reaches a maximum) only decreases slightly at lower pressures. The drop shown
boiling at 0.85 bar was photographed shortly after the onset of the instability,
and a portion of the original smooth vapour bubble is still visible. The bubble
growth rate before the onset of unstable boiling is also more rapid at lower pres-
sures. As a result, the bubble comes into contact with the host Aluid and the ins-

tability is triggered at a slightly earlier timne than at atmospheric pressure.
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Figure 4.1 Ether drops vapourizing under a partial vacuum

Figure 4.2 shows a sequence of drops of ether evaporating at an ambient
pressure of 0.6 bar. The unstable vapour bubble growth is remniscent of the
behaviour at atmospheric pressure (see figure 3.3) although systematic
differences in the appearance of the evaporating interface and the structure of
the nonevaporating surface are apparent. The first three photographs in figure
4.2 show various views of the evaporating surface at early times. The dual

appearance of the evaporating surface that was noted earlier at atmospheric
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Figure 4.2 Drops of ether vapourizing at an ambient pressure of 0.6
bar

pressure (see photographs F and F'in figure 3.1, and figure 3.2) is more prom-
inent at lower pressures, presumably due to the more rapid growth of the ini-
tially smooth vapour bubble. At later times (see in particular the last two pho-
tographs in figure 4.2) the smooth cap appears reentrant, and the nonevaporat-
ing surface exhibits a fine scale roughness. The larger unstable vapourization
rate at low pressure implies that there is less time for the action of surface

waves to smooth out the disturbances on the bubble surface.

If the ambient pressure is lowered to 0.3 bar the vapour production rate is
increased still further. The superheat attained at this pressure is 141.3°C. Fig-
ure 4.3 shows three photographs of ether drops vapourizing at 0.3 bar. The first
photograph provides an obligue view of the evaporating surface and shows that
the smooth hemispherical bulge in the evaporating interface exists for a consid-

erable time during the bubble growth. The persistence of the dual character of
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Figure 4.3 Drops of ether vapourizing at an ambient pressure of 0.3
bar

the evaporating surface may be related to the proximity of the host fluid. Heat
transfer from the adjacent host fluid to the periphery of the evaporating inter-
face serves to augment the vapourization rate in this region. The outer section
of the unstably evaporating surface near the host fluid always exhibits a fine
scale roughness indicative of intense unstable boiling. The more stable smooth
portion of the interface ig always located in the centre of the evaporating inter-
face, farthest from the hot host fluid. So it is likely that the spatial variations in
vapourization rate are caused by temperature gradients within the drop. The
thermal nonuniformity that develops even in this nominally isothermal host
fluid-droplet configuration ig very similar teo that which is inherent in rapid
vapourization in spills. Therefore, the fringe of unstable vapourization observed
in these photographs may occur rather generally. The last two photographs in
figure 4.3 illustrate the increased prominence of the protrusion in the noneva-
porating bubble surface at low pressure. Lowering the ambient pressure has the
effect of enhancing the evaporative mass flux and thereby strengthening the

vapour jet that creates the characteristic bulge by impinging on the bubble sur-

face.
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4.3. Moderated Unstable Boiling

Raising the ambient pressure lowers the attainable superheat and moderates
the explosive nature of unstable bubble growth. For example, if the ambient
pressure is increased to 3 bar, a drop of ether achieves a superheat of 80°C
before exploding, a 29% reduction from the value at atmospheric pressure.
Reducing the superheat causes the initially smooth vapour bubble to grow more
slowly within the drop. By lowering the mass flux at early times across the
stably evaporating interface, the susceptibility of the liquid to the instability
decreases. As a result the onset of the instability may be delayed for a short
time following the formation of the original vapour nucleus. When the instabil-
ity occurs at elevated ambient pressures the vapourization rate rises sharply
but does not reach the level attained at atmospheric pressure. Also with slower
growth rates, the bubble oscillations that follow the completion of the evapora-

tion tend to be much less violent than at lower pressures.

4.3.1. Delayed Onset of the Instability. Increasing the ambient pressure by
the moderate amount of one bar produces a noticeable delay in the onset of the
instability. Figure 4.4 shows a sequence of photographs of drops of ether all of
approximately 1 mm diameter at various stages of vapourization. The typical
pressure trace shown below the drops illustrates the behaviour of the pressure
field 5 mm from the drops. Note that at early times (especially picture 1) the
surface of the vapour bubble appears smooth. During this time the radiated
pressure is at a low level. Picture 4 shows a drop that was photographed shortly
after the onset of the instability and about 19 usec after the initial nucleation.
Then after about 25 usec (picture 5) considerable roughness has developed and
the vapour region appears opaque. The distortion of the interface corresponds
to a dramatic increase of the far-field pressure by as much as a factor of 5, indi-

cating a jump in the vapourization rate.
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Figure 4.4 Photographs and pressure trace of ether drops exploding at
an ambient pressure of 2 bar
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Increasing the ambient pressure increases the time delay between the forma-
tion of the vapour nucleus and the onset of the instability. The maximum pres-
sure that is radiated following the onset of the instability also decreases with
increasing ambient pressure. These stabilizing effects are observed in all the
liquids tested although at a given ambient pressure some liquids appear to be
more susceptible to the instability than others. Variations in fluid properties
lead to quantitative differences in the sensitivity of the liquids to the insfability.
and in subsequent bubble growth rates. The influence of fluid properties on the

behaviour of unstable boiling will be discussed in the next chapter.

Increasing the ambient pressure to 4 bar provides a convenient situation for
exhibiting the details‘of the onset of the instability in butane. Figure 4.5 shows
photographe of drops of butane evaporating at 4 bar together with a typical
pressure trace. The radiated pressure field displays an interesting behaviour:
following the sharp spike produced by the nucleation, the overpressure meas-
ured 5 mm away is less than 0.0C3 bar for several hundred microseconds. Dur-
ing this time the smooth vapour bubble grows stably within the drop (see pic-
ture 4). The exact length of the stable growth phase varies somewhat randomly
from drop to drop but the onset of the instability typically occurs between 150
usec and 300 usec after nucleation. Pictures B and C show the early develop-
ment of a disturbance on the bubble surface 25-30 usec after the onset of the
instability. The instability appears to be initiated in the volatile ﬂuid near the
circle that forms the intersection between the growing vapour bubble, the test
fluid in the drop and the host fluid. The onset of the instability in other liquids
occurs in a similar fashion (e.g., see picture 4 of figure 4.4 for ether). Picture D
was taken 120 usec after the onset of unstable boiling and illustrates the small-
scale roughness that forms on the evaporating surface. The length scale of the
smallest perturbations is on the order of 100 um, the same scale observed at

atmospheric pressure (see figure 3.9).
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Figure 4.6 The onset of the instability in butane at an ambient pres-
sure of 4 bar

4.3.2. Keduced Unstable Vapourization Refes, During the transition from
stable boiling to unstable boiling, the radiated overpressure rises sharply. How-
ever, from figure 4.5, the maximum overpressure attained 5 mm from the drop
is only about 0.1 bar, an order of magnitude lower than the corresponding value
at atmospheric pressure. This moderation of the intensity of explosive boiling

al elevated pressures is a reflection of the reduced superheat. In fact the
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superheat attained for drops of butane exploding at the superheat limit at 4 bar
is only 66.5°C (c.f. 105.3°C at atmospheric pressure), which is the lowest level of

superheat attained for an exploding drop in the present experiments.

Figure 4.6 shows a series of photographs illustrating the behaviour at later
times of drops of butane vapourizing at an ambient pressure of 4 bar. Picture 4
shows a drop that is nearly completely vapourized. The edge of the evaporating
surface in view appears quite rough although the action of wave-spreading has
considerably smoothed the nonevaporating bubble surface. The portion of the
bubble surface near the evaporating interface appears to be darker than the
surface nearer the central portion of the bubble. This dark horizontal band just
above the evaporating interface may be caused by refraction due to the mist of
fine particles that is ejected from the evaporating surface. In this case the vert-
ical extent of the dark region would indicate the distance the fine liquid droplets
travel before evaporating. The last portion of liquid in the drop appears to eva-
porate in a particularly viclent fashion presumably due to small temperature
nonuniformities on the evaporating surface (this will be discussed further in the
next chapter). The liquid droplets that are torn from the evaporating surface at
this late time are large enough to survive the flight across the inside of the bub-
ble and impinge on the host fluid. Pictures C and D in particular show the
cratering of the bubble surface that occurs when the spray of volatile liquid par-

ticles contacts the hot host fluid.

The pressure trace shown in figure 4.6 shows the behaviour of the radiated
pressure on a millisecond time scale. The appearance of the pressure trace is
notably different from the behaviour at atmospheric pressure (see figure 3.14).
In particular, the violent bubble collapse and oscillation illustrated in figure 3.15
are absent at 4 bar. Apparently at high pressure the unstable growth rate is

slow enough that when the evaporation is completed the resulting vapour bubble
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Figure 4.6 Late time behaviour of butane drops vapourizing at 4 bar
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deforms and oscillates at a very small amplitude. The butane bubble in picture
D of figure 4.6 was photographed after 3 weak volume oscillations and the bub-

ble surface appears largely intact.

4.4. Stable Bubble Growth

If the ambient pressure is increased above 3 bar it is possible to suppress the
instability in ether altogether. Figure 4.7 shows the vapourization of drops of
ether at 4.2 bar (89°C superheat). In each case the instability is no longer
present and the growing vapour bubble has a smooth surface. With the absence
of the instability, the vapour bubbles grow much more slowly than at atmos-
pheric pressure. Times for the first five photographs are 20 usec, B0 usec, 240
usec, 1.22 msec, and 1.42 msec, respectively. The violent bubble oscillations
that occur at atmospheric pressure following the completion of the vapouriza-
tion are completely eliminated at high pressure and the vapour bubble retains
its spherical shape. As has been noted by other authors (e.g., Avedisian & Glass-
man, 1981b; Avedisian, 1982), the characteristic popping sound accompanying

the explosion at atmospheric pressure is no longer evident at high pressure.

At an ambient pressure of 3 bar the onset of the instability in ether is
delayed until late times (on the order of milliseconds) or occasionally
suppressed entirely. Figure 4.8 shows a series of drops of ether vapourizing
stably at 3 bar (80°C superheat). The smooth vapour bubble within each drop
appears in a variety of orientations. The times for the drops range from 12 usec
for picture 1 to 1.8 msec for picture 18. The impact of the growing vapour bub-
ble with the surface of the drop is sufficient to produce a smooth protrusion of
the bubble surface into the host fluid (.e.g., see pictures 3 and 11). However, at
later times (e.g., picture 18) this characteristic bulge is less prominent than the
cap stfucture that was observed during unstable boiling at lower pressure (e.g.,

see figure 4.3) when, in addition, the impact of the strong evaporative jet with
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Figure 4.7 Ether droplets vapourizing at an ambient pressure of 4 2 bar
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Figure 4.8 Stable bubble growth in ether at 3 bar
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the bubble surface serves to increase the extent of the bulge. The average bub-
ble radius was estimated from each photograph in figure 4.8 and plotted versus
time in figure 4.9. The curve denoted classical theory was generated using the
theory of Prosperetti & Plesset (1978) for the growth of a vapour bubble in a
uniformly superheated liquid. The agreement is rather remarkable considering
the many approximations we have used in applying the theory. The assumptions
used in deriving the theoretical curve are discussed in Appendix B. The theory
considers the growth of a vapour bubble in an infinite liquid, in contrast with
the finite drop size in experiments. As a result, in applying the theoretical pred-
ictions to experimental results, no provision in the theory is made for (i) heat
transfer from the host fluid to the test fluid, (ii) heat transfer from the host
fluid to the vapour, and (iii) the fact that evaporation takes place across only a
fraction of the bubble surface after the bubble contacts the droplet surface.
The theoretical curve lies below the experimental data (this discrepancy is dis-
cussed in Appendix B), but the agreement is much better than when the instabil-

ity is present (Shepherd & Sturtevant, 1982).

During the stable bubble growth, the radiated overpressure generated is
extremely small. Figure 4.10 shows a superposition of three pressure traces for
drops of ether, all of 'approximately the same size (typically 1.4 mm), at ambient
pressures of 1, 2, and 3 bar. The pressure recorded when the instability is
suppressed at 3 bar is several orders of magnitude less than at atmospheric
pressure. Also, the time for the drop to completely evaporate is substantially
increased. For example, a 1.5 mm diameter drop takes about 170 usec to
vapourize at atmospheric pressure. This time is increased by roughly a factor of

30 to about 5 msec at 3 bar.
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Figure 4.10 Superposition of pressure signals radiated from ether
drops. Pressure, drop diameter, and distance from baffled
pressure transducer: top, atmospheric pressure, 1.2mm,
8mm; middle, 2 bar 1.3mm, 8mm; bottom, 3 bar, 1.6mm,
4.4mm

4.5. Transitional Boiling

4.5.1. Overview. The range of ambient pressures between violently unstable
boiling and stabilized boiling in which a kind of metastable or transitional stabil-
ity is found, provides an important opportunity for documenting the detailed
behaviour of explosive boiling. In this regime (which occurs at an ambient pres-
sure of about 3 bar for ether) the instability is delayed until a late time when
the majority of the liquid in the drop has vapourized, so, when the explosive

boiling finally does occur, the interior of the vapour bubble is clearly visible.
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Figure 4.11 provides an overview of the behaviour of ether boiling at 3 bar.
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Figure 4.11 Overview of ether boiling at 3 bar

The pressure trace in the figure shows a remarkable behaviour, in which for
about 7 ms, while the droplet is evaporating stably (pictures 1 to 3}, the over-
pressure measured 6 mm away is less than 0.005 bar. Then a sudden impulse
causes the bubble to grow rapidly and oscillate violently, The photographs in
figure 4.11 show that during the early stages of vapourization at these condi-

tions the bubble surface is completely smooth, but later, when the remaining
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liquid forms only a thin cap at the end of the bubble (picture 3), the liquid-
vapour interface of the stably vapourizing liquid develops small-amplitude
short-wavelength disturbances (giving the appearance of "orange-peel”). Finally
(picture 4), the instability is initiated at some point near the edge of the liquid
cap. rapidly spreads out radially, and the remaining liquid boils explosively. Pic-
ture 5 shows the consequences of the action of the Rayleigh-Taylor instability on
the bubble surface after only one rebound. A more detailed discussion of the

evaporative behaviour in this transitional boiling regime will now be given.

4.5.2. itial Stable Growth. During the early stages of vapourization of
ether at an ambient pressure of 3 bar, the surface of the growing vapour bubble
is completely smooth. However, after several milliseconds of stable growth,
small-amplitude disturbances begin to appear on the liguid-vapour interface.
Figure 4.12 shows a droplet of ether that has been evaporating stably for 2.82

ms.

Liguid
Region

Evaporating
Surface

Vapour
Region

Figure 4.12 Stable bubble growth for ether at 3 bar. Note disturbances
on evaporating surface,

The ether vapour is contained in the U-shaped region in the lower right portion

of the photograph. The black band around the vapour region is a consequence
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of the large difference between the index of refraction of the vapour and the
surrounding host fluid. The remaining liquid forms a thin lens-shaped cap at
the end of the bubble. Note that the evaporating liquid-vapour interface, here

viewed in profile, has a roughened appearance.

The high wavenumber disturbances that develop on the evaporating surface
slowly increase in amplitude with time. Figure 4.13 shows oblique views of the
liquid caps on two different ether bubbles, each photographed after evaporating

stably for 7.47 ms.

Tmm
.

Figure 4.13 Disturbances on stably evaporating surface in ether at 3 bar

The regular small-amplitude waves visible on the liquid-vapour interface give the
surface a corrugated appearance. Figure 4.14 shows a drop of ether photo-
graphed after 7.04 ms together with an enlargement from the same photograph
of the liquid region illustrating the small-scale structure on the evaporating sur-
face. As a resull of diffraction by the curved surface of the liquid region, it is

difficult to delermine the exact length scale of the perturbations. However,



Figure 4.14 Fnlargement of perturbations on the evaporating surface in ether at 3 bar
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from the photograph, the disturbances appear to have a scale of the order of
50-100 gm. This is the same order of magnitude as found earlier for the smal-
lest length scale of the disturbances on a fully-developed unstably evaporating

surface.

4.5.3. mitialion of the Instabilify. In this late stage of bubble growth the
occurrence of some disturbance may serve to trigger a breakdown to violent ing-
tability. Figure 4.15 shows two drops of ether shortly after the transition to

unstable boiling has occurred.

A

70 usec 115

Figure 4.15 Ether drops shortly after the initiation of unstable boiling
atl 3 bar

The photographs show exterior views of the liquid cap with a "clam-shell” shaped
unstable region visible on the surface. The time shown below each photograph
{and in all subsequent photographs in this chapter) is the time elapsed since the

onset of the instability. The violent boiling in each case starts at the edge of the
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liquid region and rapidly spreads out radially, consuming the remaining liquid,

typically in 150-200 wusec.

The presence of the hot host fluid plays a role in the transition to unstable
boiling. Shortly before the onset of the instébility, the remaining liquid is con-
tained in a cap-shaped region that becomes very thin at the edges. Local heat-
ing at the edge of this thin liquid lens by the host fluid may generate a band of
higher-temperature fluid at the edge of the evaporating interface that is hot
enough to undergo a breakdown to viclent boiling. The effect of temperature
perturbations on the stability of a stably boiling interface will be discussed in

the next chapter in the context of linear stability theory.

The transitional boiling regime occurs in pentane at an ambient pressure
between 3.5 and 4.0 bar. The dynamical features observed in pentane in this
regime are similar to those that occur in ether at 3 bar. Figure 4.18 shows two
pentane drops photographed 36 usec and 66 usec after the onset of unstable
boiling, respectively. The photographs were taken at different values of the
ambient pressure, as noted in the figure. Both drops exhibit the incipient insta-

bility waves on the evaporating surface and the unstable boiling region.

The appearance of the unstable region in the photographs in figures 4.15 and
4.16 suggests an interesting although loose analegy with the stability of a lam-
inar boundary layer flow. In the laminar flow of a fluid over a flat plate, for
example, two-dimensional Tollmien-Schlichting instability waves (the analog of
the 'orange-peel" disturbance) develop spontaneously and grow. These linear
waves may reach a critical amplitude, become nonlinear and ultimately break
down into turbulent flow. The transition process involves the formation of tur-
bulent spots (the analog of the unstably boiling region), that grow to form a
fully turbulent flow. In more stable flows, however, it is necessary to introduce

an external boundary layer "trip” to artificially trigger a turbulent spot. This
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3.5bar

Figure 4.16 Pentane drops vapourizing in the transitional regime of
stability

suggests it may be possible to externally trigger the breakdown to vicolent boiling

by introducing a disturbance of sufficient amplitude.

4.5.4. Two-Phose Fuaporative Jet. The transitional boiling regime is particu-
larly useful for illustrating the physical processes that occur during unstable
boeiling. In this regime, the transition to vielent boiling occurs after the majority
of the liguid in the drop has vapourized. As a result, by viewing the bubble in
profile, it is now possible to observe the interior of the bubble and the behaviour
at the evaporating surface. Figure 4.17 shows two different drops shortly after
the onset of unstable boiling.  In picture A4, the instability was initiated on the
edge of the liquid region away from the viewer, almost out of view. A finely-
dispersed cloud of ligquid particles is visible near the evaporating surface.
Extremely fine particles are torn from the evaporating liquid surface and the

resulting aerosol or mist is propelled away from the liquid-vapour interface
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Figure 4.17 Aerosol of fine liquid particles generated by unstable boil-
ing in ether at 3 bar
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towards the interior of the bubble. Picture Hshows a drop in which the remain-
ing liquid is on the side of the bubble away from the viewer and the unstable
evaporation forms a jet moving towards the viewer that can be viewed through
the transparent bubble. The pressure trace that accompanies the photographs
in figure 4.17 demonstrates that the sudden large pressure rise recorded by the
transducer corresponds to the onset of the instability. The production of a two-
phase flow was also observed during the vapourization of pentane in the transi-
tional boiling regime. For example, in picture A of figure 4.16, the fine liquid
particles are just visible near the unstable boiling region. Figure 4.1B shows the
development of the two-phase evaporatively-driven jet 120 usec after its initia-

tion in ether.

Tmm
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Figure 4.18 View of evaporative jet in ether at 3 bar 120 usec after the
onset of unstable boiling

The unstable boiling produces an eruption of small liquid particles that are
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ejected away from the evaporating surface. Note the protrusion of the bubble
surface inte the host fluid that is caused by the reaction to the thrust of the jet.
Oocasionally liquid droeplets are visible within the bubble that are apparently not
related to the fine liguid particles torn from the evaporating interface. The ori-
gin of these larger droplets is related to the cccurrence of multiple nucleations
within the original ether drop. Bome ether drops at 3 bar suffer two separate
nucleations, When the bubbles grow and coalesce, in some cases a thin filament
of liquid remains that breaks up into small droplets. This feature is discussed

and illustrated in Appendix C.

The earlier hypothesis by Shepherd & Sturtevant (1982) that during unstable
boiling a substantial amount of liquid is torn from the evaporating surface is
now confirmed. They measured unstable bubble growth rates from photographs
and together with far-fleld pressure data estimated the evaporative mass flux
and the effective density within the bubble. They found that the evaporative
mass flux during the unstable boiling of butane at atmospheric pressure was
roughly constant at a value of 400 g/cm?s. The density within the bubble was
found to settle down to a nearly constant value of 0.13 g/cm? after 50 usec. If
the densities of butane liquid and vapour at the ambient temperature (105°C)
are used (o, = 0.46 g/cm?®, p, = 0.045 g/cm?®) this implies that the two-phase
flow within the bubble is 20% liquid by volume,

In the present experiments a rough estimate of the jet velocity can be rmade
by measuring the extent of the jet from a photograph and using the time
elapsed since the initiation of the jet. The jet length was measured from nine
different explosions in which the jet was clearly visible, and the corresponding
average jet velocities ranged from 30 to 70 m/s. Evaporation at the head of the
jet is not taken into account, so the above velocities probably underestimate the

actual velocity of the particles moving away from the evaporating surface. To
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estimate the mass flux in the jet the jel density is needed. The densities of ether
liquid and vapour at the ambient temperature (160°C) differ only by a factor of
ten (p, = 0.62 g/em?, p, = 0.0586 g/em®). Multiplying the vapour density by the
average jet velocity of 50 m/s gives a lower bound of 2B0 g/em?Ps for the eva-
porative mass flux in the jet. A crude estimate of the mass loading in the jet can
be made by considering the opaqueness of the jet. Figure 4.19 shows the
development of an evaporative jetl in an ether droplet 55 usec after the onset of

unstable boiling.
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Figure 4.19 Evaporative jet in ether at 3 bar 55 usec after onset of
unstable boiling

By examining the region near the tip of the jet under large magnification, it was
estimated that the jel is opaque when its thickness is greater than about 130
wm. Also an upper bound for the size of jet particles was estimated to be 10 um.

For a small particle (that is still large relative to the wavelength of light), the



effective optical cross-section far from the particle is twice the actual projected
area of the particle (van de Hulst, 1981). The above information can be used in
a simple geometrical calculation to estimate the liquid volume fraction in the jet
and the corresponding jet mass flux is found to be about 350 g/cm@sec. This
value for the mass flux is of the same order of magnitude as estimated for

butane by Shepherd & Sturtevant (1982).

In some cases, the fluid particles torn from the evaporating surface may
reach the other side of the bubble before they evaporate, When the small parti-
cles contact the hot host fluid they immediately vapourize in micro-explosions
that produce a splattered effect on the bubble surface. Figure 4.20 shows two
photographs illustrating the roughening of the bubble surface (visible on the
right side of each of the bubbles) that is caused by the internal impact of small

volatile liguid droplets.

A

115 usec

Tmm
A

Figure 4.20 Impact of jet particles with the bubble surface
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Figure 4.21 shows a photograph of an ether bubble expanding shortly after
the explosive boiling phase terminates. The imprint of the liquid cap that
existed just prior to the initiation of the explosion is still evident. The pressure
trace below the photograph illustrates the pressure fluctuations that are
recorded by the transducer as the bubble collapses and oscillates. The radiated
pressure fleld is almost as strong as with fully unstable evaporation at atmos-
pheric pressure. The letters B through £ on the pressure trace correspond to
the times for the oscillating bubbles shown in figures 4.22 and 4.23. The bubble
in picture B was photographed while still in the initial expansion phase. The dis-
turbances on the upper left portion of the bubble surface again indicate the
position of the liquid cap just prior to the onset of unstable boiling. The hemis-
pherical bulge on the front of the bubble corresponds to the location where the
violent boiling was initiated. The disturbances on the lower right portion of the
bubble surface were caused when the spray of liquid particles torn from the eva-
porating interface contacted the bubble surface. Picture C (in figure 4.22)
shows the extent of the surface distortions that are caused by the Rayleigh-
Taylor instability after only one rebound. The flattening of the left side of the
bubbles shown in pictures C and D is a result of the proximity of the pressure
transducer, just out of view to the left of the bubbles. The bubble in picture £
(Agure 4.23) was photographed after & volume oscillations and individual small
bubbles have begun to break off from the original bubble. The bubble eventually

breaks up into a cloud of small bubbles, as at atmospheric pressure.
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Figure 4.21 Bubble growth after the completion of explosive vapourization
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Figure 4.22 First velume oscillation of ether bubbles
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Figure 4.23 Ether bubble oscillations at 3 bar
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Chapter 5

DISCUSSION

b.1. Instability Theory

The stability of a plane evaporating liquid surface has been investigated using
linear stability theory by several authors, including Miller (1973), Palmer (1978),
and more recently by Prosperetti & Plesset (1984). Palmer reviewed the various
destabilizing mechanisms that have been proposed and the circumstances
under which individual mechanisms dominate. Shepherd (1981) discussed the
relative merits of various instability mechanisms for the particular case of eva-
poration of a liquid at the superheat limit in which the evaporative mass flux
plays a dominant role. The paucity of detailed experiment studies of evapora-
tion at extremely high superheats has hampered the testing of the existing
theoretical models. At the suggestion of Prof. F. Marble, Shepherd & Sturtevant
(1982) proposed that the Landau mechanism of instability, originally described
in connection with the instability of laminar flames, applies to rapid evaporation
at the superheat limit. In Appendix D several results, derived from the original
analysis by Landau (1944), are given that illustrate the physical mechanism that
leads to the instability. The Landau instability mechanism is known as the Dar-
rieus instability in France (Marble, 1985), where it was developed independently
by Darrieus (1938, 1945), also in the context of the stability of a propagating
flame front. In this chapter, the quantitative application of the instability
theory to rapid evaporation of a liquid, including the role of ambient pressure,

will be discussed for both planar and spherical geometry.
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5.1.1. Planar Landau nstability. The instability theory contains three phy-
sical processes that influence the stability of an evaporating interface: (i) mass
flux across the liquid-vapour interface, (ii) acceleration of the fluid normal to
the interface and (iii) surface tension. During the growth of a vapour bubble in
a liquid boiling at the superheat limit surface tension stabilizes the bubble sur-
face at early times, when the bubble radius is still very small. During a later,
thermally-controlled stage of the vapour bubble growth (see Appendix B for a
discussion of classical bubble growth theory) the deceleration of the interface
stabilizes the surface. Between these two regimes the presence of substantial
mass Alux across the interface may lead to instability. To quantitatively investi-
gate the stability of the interface, it is necessary to compute the growth rate of
a small perturbation applied to the interface. The Landau theory (see Appendix
D) yvields a dispersion relation between the dimensional growth rate w and wave
number & of a small disturbance. The relation may be rewritten in nondimen-

sional form as follows:

2NyK+Ks _

[
2 2 1 - =
0 T 0K+ — | ala-1) K2 + o, (5.1)

a+l BN,

where the dimensionless growth rate ! and wavenumber K are related to the

corresponding dimensional quantities (w, k) by

0n=w0f Kk=kr, (5.2)
R

and « is the density ratio p,4;. In equation (5.1) the effects of surface tension

and acceleration are contained in the 'inertia number’ and the Weber number,
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P RR?
NI = ‘20. 4 (5'3)
- py) RRR
Ny = ﬂp_l_giL__. : (5.4)

Pi.py. 0, R, R and R are the liquid density, vapour density, surface tension, bub-
ble radius, radial velocity, and radial acceleration, respectively. N;is defined as
the ratio of the destabilizing force of the mass flux to the stabilizing force of
surface tension, and Ny as the ratio of the stabilizing acceleration forces to the
surface tension forces. The ratio Ny/N;, which is the important parameter in
the low wavenumber limit, is the inverse of the Froude number. Sturtevant &
Shepherd (1982) used the bubble growth theory of Prosperetti & Plesset (1978)
to predict the radial growth R(t) of a smooth butane bubble at the superheat
limit. For each time increment they calculated the dimensionless quantities
given in equations (5.2) - (5.4), then solved equation (5.1) for the growth rate
over a range of wavenumbers. Using this information they constructed a stabil-
ity diagram for butane at the superheat limit. The result of a similar calcula-
tion for ether at atrnosphefic pressure is shown in figure 5.1. The figure illus-
trates the range of wavenumbers that is predicted to be unstable (w > 0) and it
indicates that the bubble is subject to linear instability for times substantially
smaller than the time of the earliest photographs in the present experiments.
The largest length scale that is predicted to be linearly unstable at these early
times is of the order of 10 um. The observed length scale of the instability at
much later times (see, for example, figure 3.8) is an order of magnitude larger
than this value. Therefore, the observations documented in figures 3.2, 3.6, and

3.7 apparently depict a late, nonlinear and saturated stage of the instability.
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Figure 5.1 Neutral stability curve from planar theory for ether at
atmospheric pressure :

The nondimensional number

F = WnaxT , (5.5)

where wn.x is the maximum growth rate at a given pressure and T is the time
interval during which a growing bubble is predicted to be linearly unstable, is a
useful parameter to measure the effect of ambient pressure on the predictions
of planar instability theory. It is a measure of the number of times the ampli-
tude of a perturbation is exponentiated during the time interval that the inter-
face is linearly unstable. Figure 5.2 shows the effect of ambient pressure on this
"figure of merit" for ether. This plot confirms the stabilizing effect of increasing

the ambient pressure.

If the behaviour of the figure of merit shown in figure 5.2 is interpreted quan-

titatively, the plot indicates that the instability that occurs on the surface of a
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Figure 5.2 Figure of merit from planar theory showing increase of sta-
bility with increasing pressure for ether

growing ether bubble at atmospheric pressure may be completely suppressed by
raising the ambient pressure to a value of 2 bar. From figure 4.4 it was shown
that at 2 bar in ether the instability is suppressed at early times. However, after
about 20 usec, after the bubble comes into contact with the surface of the drop,
the instability is initiated near the host fluid. The effect of the finite size of the
drop and the contact of the bubble with the host fluid on the triggering of the
instability are not taken into account in the instability theory. The presence of
the hot host fluid particularly influences the onset of unstable boiling at early
times, when the bubble just comes into contact with the host fluid, and at much
later times when only a small amount of liquid remains in the drop during the
transitional boiling regime. As a result, the figure of merit provides a measure
of the relative susceptibility of a liquid to the instability but does not predict
exactly at what ambient pressure the instability will be suppressed completely

within a drop boiling at the superheat limit.
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The figure of merit is a useful parameter for assessing the relative stability of
different liquids. Figure 5.3 shows the variation of the figure of merit as a func-
tion of ambient pressure for three different liquids tested in the present experi-

ments.

i2

Ether
Butane

10 Acetone -

Figure of Merit
(1]

1.0 1.2 1.4 1.6 1.8 2.0
Ambient Pressure (bar)

Figure 5.3 Variation of figure of merit with ambient pressure for three
different fluids

The figure suggests that acetone is less prone to instability than both butane
and ether. For example, at atmospheric pressure the figure of merit for acetone
is 2.7, smaller than the corresponding values for butane and ether by factors of
more than 2 and 4, respectively. When droplets of acetone were heated to the
superheat limit it was observed that they vapourized stably at atmospheric pres-
sure, in sharp contrast to the violent unstable boiling that occurs in butane and
ether at this pressure. On the basis of the fluids tested in the present experi-
ments, it is therefore recommended that for practical estimates of the suscepti-

bility to instability, a figure of merit of 3 be taken as a lower limit for instability.
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During stable bubble growth the volatile liquid near the evaporating surface
is substantially cooled by the vapourization and the temperature of the liquid at
the interface is the saturated liquid temperature corresponding to the ambient
pressure. Additional heating by the adjacent host fluid may increase the tem-
perature of the evaporating surface and cause the bubble growth to diverge
from the predictions of the classical bubble growth theory (see Appendix B).
Because bubble growth rate depends strongly on the bubble surface tempera-
ture (and therefore on the ambient temperature), due to the temperature
dependence of vapour pressure, the calculated instability growth rates are also
strongly temperature dependent. The effect of an increase in the surface tem-
perature was quantitatively investigated for the specific case of ether boiling at
an ambient pressure of 3 bar. At this ambient pressure, the instability theory
predicts that the bubble surface will be absolutely stable to small disturbances.
Experimentally it was found (see §4.5) that ether boils stably at 3 bar for several
milliseconds before unstable boiling is triggered. To model this situation in the
calculations, the stable bubble growth was allowed to proceed for 5 ms, at which
point a small temperature increase was imposed at the evaporating surface to
determine the effect on the stability of the surface. It was found that a tem-
perature increase of even only 1°C caused the surface to become unstable to
small perturbations. The instability growth rate was a strong function of the
temperature increase. For example the calculated exponentiation time (the
time for the amplitude of a disturbance to grow by a factor of e) decreases fro_m
BO usec to 1.2 usec for temperature increases from 5°C to 30°C, respectively.
For ether at an ambient pressure of 3 bar, the mazimum temperature increase

that may occur at the bubble surface, namely the superheat, is 80°C.

Therefore, in any real situation where temperature nonuniformities are
present, departures from the gquantitative predictions of the theory should be

expected. In particular, it is likely that in the regime of transitional stability,
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which might occur very frequently in practice, one of a number of different pos-
sible kinds of disturbances could serve to trigger a breakdown to violent insta-

bility.

5.1.2. Spherical Geometry. The application of the planar Landau instability
theory to the growth of a spherical bubble is strictly only justified if the scale of
the disturbances that develop is much smaller than the bubble diameter and
the growth rate of the disturbances is much larger than the characteristic bub-
ble growth rate. To study the effect of surface curvature on the development of
the instability, the spherical analog of the Landau instability was applied to
rapid evaporation. The Landau instability has been treated for spherical flames
by Istratov & Librovich (1969). More recently, Matalon & Matkowsky (1984) have
generated a model for the stability of a curved flame in which the effects of ther-

mal expansion and flame structure are inciluded.

The hydrodynamic stability analysis of Istratov & Librovich (1969) develops
the perturbations in the form of spherical harmonics. The contributions of har-
monics of different index are assumed to be noninteracting. A simple dimen-
sional argument by Zeldovich (1966) shows that disturbances grow more slowly
in a spherical system than for the planar case. If ¢ is the perturbation ampli-

tude, A the perturbation wavelength and U the radial velocity of the bubble, then

de U
dt A (5.8)

For a plane interface A is constant and (5.6) leads to exponential growth (with
growth parameter w ~ UA) for . However for a spherical bubble, if there is no
energy transfer between modes the wavelength of a given spherical harmonic

grows like the radius and (5.6) leads to algebraic growth in time for ¢, i.e.,
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g~ tY (5.7)

where o' is now the (nondimensional) algebraic growth rate.

To apply the spherical analysis to the problem of rapid vapourization, the
effects of acceleration and surface tension have been included in the boundary
condition at the bubble surface. In this way a quasi-steady model may be for-
mulated for bubbles that are growing with arbitrary velocity, assuming that the
instability responds to the instantaneous acceleration and surface tension
forces and that the previous history is not important. However, the surface ten-
sion terms introduce a coupling between different spherical harmonics and,
hence, the assumption that the harmonics are noninteracting is not valid. The
surface tension force becomes important at large values of the spherical har-
monic index n, corresponding to small wavelengths. For 1afge values of n, if one
nevertheless neglects the coupling, the curvature of the interface £ (and, hence,
the surance tension force), can be modelled as a function of n, the perturbation
amplitude ¢, and the radius R, in the following simplified form (Istratov & Libro-
vich, 1969):

K= =€ E%—';—l)— : (5.8)

The resulting dispersion relation between ' and n is,

w+bw+c =0, (5.9)

where,
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=34 n(1+2an)
b=3+ I 1+2an . (5.10)

(n+rl)a+n

alan +1)(n?-1) — an?(n-1)

c=3+

(n+)a+n
n(n+1)(Ny - ﬂ%ﬂ)—
l(n +1a + nJ Ny (5.11)
Figure 5.4 shows neutral stability contours in ether at various pressures.
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Figure 5.4 Neutral stability curves from spherical theory for ether at
several ambient pressures
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Kinks appear in the lower sections of the curves because only integral values of
the spherical harmonic index, n, are considered due to the spherical constraint.
Positive values of o' indicate that the perturbation amplitude grows more
rapidly than the radius, leading to instability. Note that the unstable regicn
shrinks with increasing pressure and in fact at atmospheric pressure the inter-
face is predicted to be stable at all times. This is in disagreement with the
experimental results, from which it is clear that the instébility is present at
atmospheric pressure. Apparently the instability occurs at such small
wavelengths that mode-hopping induced by surface tension causes the
behaviour to be similar to a planar interface and so the spherical constraint

does not hold.

An alternative explanation of the experimental observations is that the
spherical theory strictly only applies at very early times in the growth of the
vapour bubble, before the bubble contacts the surface of the drop. In fact, the
earliest photographs taken at atmospheric pressure are consistent with the
predictions of the spherical theory in that the surface of the vapour bubble
appears smooth (see photographs 4 and Bin figure 3.1). When the bubble comes
into contact with the host fluid a portion of the bubble surface becomes noneva-
porating and the spherical symmetry of the evaporating surface is destroyed.
The onset of the instability is observed to occur shortly after the collision
between the growing vapour bubble and the host fluid. When evaporation takes
place across only a fraction of the bubble surface, the stability of the evaporat-
ing interface is apparently described most closely by the planar instability

theory.
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5.2. Behaviour of Unstable Boiling

5.2.1. FKole of Liquid Properties. Similar dynamical features were observed
during the boiling of each of the four liquids photographed in the present exper-
iments (pentane, isopentane, ether, and butane). Some liquids were not studied
over as wide a range of ambient pressures as others, so that all of the features
have not been observed in all of the liquids. The instability was observed to
occur in each of the fluids, although the ambient pressure at which a smooth
interface is first observed varies with the liquid. The eflect of surface tension

and Jakob number on the behaviour of unstable boiling will now be discussed.

5.2.1.1 Surface Tension. Table 5.1 lists, for four different fluids, the surface
tension at the saturation temperature corresponding to atmospheric pressure
and the lowest ambient pressure, P, at which completely stable boiling of a

least one droplet was observed.

Table 5.1. Effect of Surface Tension on Onset of Instability

Liquid 0(® Tyge) (dyn/cm)  ppin (bar).

Acetone 20.0 1.0
Ether 15.3 3.0
Butane 14.9 4.0
Isopentane 14.1 4.3

With increasing ambient pressure, the saturation temperature increases and the
surface tension for each liquid falls although the relative ranking of surface ten-
sion between the liquids shown in table 5.1 remains the same. The general trend
is that for liquids with high surface tensions a smaller increase in ambient pres-

sure above atmospheric pressure is necessary to suppress the instability than
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with liquids with lower surface tensions. This stabilizing effect of surface ten-
sion was also noted earlier in the context of the very early stages of vapouriza-
tion. It was suggested that the dual appearance of the vapour region at early
t;Lmes (see figure 3.2) is a result of the large gradients in surface tension at the

edge of the drop.
5.2.1.2 Jakob Number. The Jakob number, defined at saturated conditions as

_ G (Toat)(Tot = Tsat)
Ja = - 1T . (5.12)

is the ratio of the. enthalpy loss in the liquid in the thermal boundary layer sur-
rounding the bubble to the latent heat required for evaporation. Many authors
also include the factor p;/p, in the definition for the Jakob number (also called
the Jakob modulus). The eflect of ambient pressure on the Jakob number is
shown in figure 5.5. Raising the ambient pressure increases the saturation tem-
perature. With increasing temperature the variations in both the heat capacity
and latent heat (c, increases and L decreases) tend to increase the Jakob
number. However the reduction in superheat dominates the other factors in
equation (5.12) and the Jakob number declines with increasing ambient pres-

sure.

The maximum far-field overpressure from each exploding drop recorded in
these experiments is a measure of the explosive force generated after the onset
of instability, but is not a direct function of the Jakob number, which is a meas-
ure of the thermal energy available for evaporation. Nevertheless, to gain
insight into the role of the Jakob number, it is interesting to consider whether
the overpressure correlates with the Jakob number. Table 5.2 shows typical

maximum overpressures recorded 5 mm away from exploding droplets of
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Figure 5.5 Effect of ambient pressure on the Jakob number

different fluids, each with a diameter of 1.5 mm.

Table 5.2. Selected Values of Radiated Overpressure

Liquid  Ambient Pressure (bar) Overpressure (+ 0.05 bar) Jakob No.

Ether 3.0 0.5 0.58
Butane 3.0 0.2 0.54
Pentane 4.0 0.3 0.59
Butane 4.0 0.1 0.51

The values shown are representative overpressures generated during explosive

boiling at ambient pressures of 3 and 4 bar.

Other fluids tested at other
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pressures show similar trends. At a given ambient pressure, the liquids with the
higher Jakob numbers boiled more violently. For a given fluid, the radiated
overpressure also decreases with increasing ambient pressure. Acetone has the
lowest Jakob number of the liquids tested (see figure 5.5) and was the most
stable. In fact, the presssure field radiated by a stably growing acetone vapour
bubble had such a small magnitude that it was insufficient to trigger the elec-
tronics that produce a signal to fire the spark gap. As a result no photographs

were obtained for acetone boiling at the superheat limit.

5.2.2. Quasi-Steady Hoiling. Shepherd & Sturtevant (1982) found that after
the evaporative instability becomes nonlinear the evaporation process appears
to be quasi-steady, with the bubble radius increasing at a constant rate and the
evaporative mass flux remaining at a roughly constant value. They presented an
empirical model of evaporation after the onset of the instability that was con-
sistent with their observations. It is now clear that during unstable boiling a
two-phase jet laden with small liquid particles is generated at the evaporating
surface. In light of the observations, it is instructive to consider the implica-
tions of a quasi-steady unstable boiling process for the energy balance at the
interface. Suppose that g is the fraction of the liquid at the unstably evaporat-
ing interface that is converted into vapour, or in other words the mass fraction
of vapour in the two-phase region. Then energy conservation at the interface
may be written as

dT _,  dTs
dz % dz

[
%—J{Wg,z - W,z] + lkl +B8JL =0 , (5.13)

where J is the mass flux, W is the velocity relative to the interface, k is the ther-
mal conductivity, Lis the latent heat of evaporation and the subscripts | and 2¢

refer to the liquid and two-phase regions respectively. In the two-phase flow
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region downstream of the interface it is assumed that there is no relative
motion between the vapour and the fine liquid particles so that a single velocity,
W2, may be defined in this region. The coordinate z is perpendicular to the
interface and directed from the liquid into the two-phase region. The frame of
reference is chosen so that the unperturbed interface is the plane 2 = 0. A
small surface-entropy term has been neglected in equation (5.13) (Prosperetti,
1979). The Kkinetic energy terms in equation (5.13) are several orders of magni-
tude smaller than the latent heat term and can be neglected. If the tempera-
ture gradient in the two-phase region is also assumed to be much smaller than

in the liquid, the boundary condition (5.13) may be approximated by

drT,
k,;;’—+ BJL ~ O . (5.14)

With the assumption of quasi-steady flow during unstable boiling, an estimate
for the value of # may be obtained by considering the energy equation. The one-
dimensional energy equation for the steady flow of an incompressible, inviscid

tfluid is

R,
N
~

(5.15)

=
n.ln.
NN
i
o]
_
N
[

where D is the thermal diffusivity £/ C,. A solution of this equation for the tem-
perature in the liquid 7}, using the boundary conditions T = 7, and (5.14) at z =

0,is

T, =T, + g,i(l ~e "By (5.18)
P

Taking the limit z - -« in the above and solving for g gives
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Just after the onset of unstable boiling, T, ~ T4, so the mass fraction of vapour
in the two-phase jet is initially just given by the Jakob number (for example, g =

0.59 for ether at an ambient pressure of 3 bar).

During unstable boiling, the proximity of the hot host fluid to the evaporating
interface may lead to an increase in the evaporating surface temperature, par-
ticularly at late times when only a small amount of liquid remains in the drop.
This behaviour was illustrated in figure 4.6 in which the last portion of liquid in
drops of butane vapourized especially violently. During this late boiling stage,
the evaporative mass flux is enhanced and a larger fraction of the flow gen-
erated at the evaporating surface appears to be liquid. The liquid drops that are
torn from the interface are much larger than at earlier times and many do not
evaporate until contacting the host fluid. This behaviour is consistent with the
prediction of equation (5.17). If the interface temperature T, increases, from
(5.17) B decreases and therefore a larger proportion of the mass in the evapora-
tive jet is liquid. In physical terms, when 7, increases, the enthalpy loss that is
experienced by liquid approaching the interface (which supplies the latent heat
needed for evaporation) decreases, and as a result a smaller fraction of the

liquid at the interface is converted into vapour.
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Chapter 6

CONCLUSIONS

The effect of ambient pressure on the dynamical behaviour of a single droplet
(1-2 mm diameter) of volatile liquid boiling explosively at the limit of superheat
has been studied experimentally and theoretically. The investigation was
motivated by a desire to obtain a more detailed physical understanding of the
evaporative instability observed earlier by Shepherd & Sturtevant (1982) during
the rapid vapourization of butane droplets at atmospheric pressure. High-speed
microphotography and fast-response pressure instrumentation have been used
to demonstrate the occurrence of the instability in three other fluids (pentane,
isopentane, and ether) at atmospheric pressure. The generality of the wide
variety of phenomena observed previously in butane has been confirmed for the
three other fluids tested. In addition, several remarkable new features have
been documented that occur during rapid boiling at elevated pressures. The
most important results of the present work are (i) that the strong moderating
influence of high ambient pressure on the unstable boiling of a droplet is
directly attributable to suppression of the instability, and (ii) that during
viclently unstable boiling small liquid particles are torn from the evaporating
liquid surface. This ejection of fine droplets produces a mass flux orders of
meagnitude greater than that characteristic of ordinary bbiling. A summary of

the main experimental results is given in the following.

Raising the external pressure lowers the superheat attained at the superheat
limit which decreases the vapourization rate. At high pressure (for example,
above 4 bar for ether and above 4.5 bar for butane), boiling consists of normal

slow vapourization from a smooth interface. The behaviour in this regime is
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remniscent of that of liquids boiling at lower superheats, where the bubble sur-
face usually has a smooth, glassy appearance. Estimated bubble growth rates
show reasonable agreement with existing theories for the growth of a vapour
bubble in a uniformly superheated liquid. In this stable boiling regime the
vapourization process is relatively benign, in that the radiated overpressure pro-
duced by bubble growth remains at a very low level (typically less than 0.005 bar

5 mm away from the drop) during vapourization.

At intermediate pressures (for example, about 3 bar for ether and between
3.5 and 4 bar for pentane), a transitional regime of stability occurs in which a
drop initially vapourizes stadbly for several milliseconds. When only a small
amount of liquid remains in the drop in the shape of a thin cap, the liquid-
vapour interface of the stably vapourizing liquid develops incipient instability
waves (with a wavelength on the order of 100 um) that give the interface an
orange-peel appearance. Heat transfer from the surrounding hot host fluid to
the liquid at the evaporating surface initiates violent boiling at the edge of the
liquid cap. The onset of unstable boiling severely distorts the evaporating inter-
face, greatly increasing the surface area available for evaporation. The subse-
quent rapid vapour preduction and bubble expansion generate a radiated pres-
sure field two orders of magnitude larger than during stable boiling. Fine liquid
particles ejected from the interface during unstable boiling form a high-speed
two-phase jet that is propelled away from the evaporating surface. The tran-
sient jet has a high momentum flux, and a portion of the bubble surface pro-
trudes into the host fluid in reaction to the thrust of the jet. The estimated eva-
porative jet mass flux in ether droplets is of the same order of magnitude as the
mass flux calculated earlier by Shepherd & Sturtevant (1982) for the unstable
boiling of butane After the remaining liquid in the drop has completely vapour-
ized, the net overpressure within the bubble is relieved by violent volume oscilla-

tions of the gas bubble. The large accelerations experienced by the bubble at
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this time lead to a catastrophic deformation of the bubble surface through the

action of the Rayleigh-Taylor instability.

Lowering the external pressure increases the susceptibility of a liquid to the
instability by increasing the pre-instabilily mass transfer rate. As a result the
time delay between nucleation and onset of unstable boiling is decreased. This
effect was observed in all the liquids tested, although at a given ambient pres-
sure some liquids are more susceptible to the instability than others. At atmos-
pheric pressure, the instability is triggered during the initial stages of bubble
growth. For example, in ether the onset of the instability occurs less than 8
usec after nucleation, shortly after the ‘mitially smooth vapour bubble contacts
the surface of the droplet. Heterogeneous nucleation then spreads out along the
surface of the drop while disturbances (with a length scale on the order of 100
um) distort the unstably evaporating interface within the drop, substantially
enhancing the vapourization rate, and hence the rate of mass and energy
transfer. The explosion of even a small droplet produces an audible pop in con-
trast with the acoustically quiet boiling at high pressure. In the present experi-
ments, contact between the growing vapour bubble and the host fluid plays a
role in the initiation of the instability although in some cases (e.g., at high pres-
sure) it is not sufficient to trigger the instability. As a result, the occurrence of
the instability for a spherical vapour bubble growing in a superheated liquid of
infinite extent has not been conclusively demonstrated. However, under condi-
tions in which the liquid is highly susceptible to the instability (e.g., at low
ambient pressures), it is likely that the instability will occur even in the absence

of contact between the vapour bubble and a nonvolatile host fluid.

The interesting dynamical effects observed after the onset of unstable boiling
in earlier experiments with butane at atmospheric pressure were also observed

in other liquids in the present experiments. For example, atter the vapour
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bubble contacts the host fluid a portion of the bubble surface becomes noneva-
peorating and protrudes into the host fluid. The growth of this characteristic
smooth bulge is driven by the two-phase jet that leaves the evaporating surface
and impinges on the surrounding fluid. At early times, droplets torn from the
evaporating surface and entrained inte the jet remarkably always evaporate
before the jet contacts the host fluid. At late times heat transfer from the sur-
rounding nonvolatile fluid enhances the vapourization rate and the last portion
of liquid in a drop boils particularly violently. Droplets ejected from the eva-
. porating interface at this time are large enough that they remain intact to

splatter the bubble surface.

During unstable boiling, the nonevaporating portion of the bubble surface
displays a considerable amount of small-scale structure that is a remnant of the
contact between the highly distorted evaporating interface and host fluid. After
evaporation is completed and the bubble expands, the surface becomes
smoother through the action of surface tension. Droplets exploding at subat-
mospheric pressures experience the most rapid vapourization rates and the
convoluted bubble surface exhibits a structure with a very fine scale. The
shorter characteristic time for a droplet to evaporate at low pressure tends to
diminish the smoothing effect of wave-spreading on the bubble surface. Ether
has been tested down to an absolute ambient pressure of 0.25 bar (where the
superheat attained, 145°C, is more than twice that attained at 4 bar!), and at
this value temperature gradients within a drop produce spatial variations in
vapourization rate. The cooler central portion of the evaporating interface is
relatively smooth whereas the outer band of the surface near the hot host Auid

is highly distorted, indicating intense unstable boiling.

The various liquids that have been tested display small variations in

behaviour and all the features described above have not been observed in all of
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the liquids. However, the stabilizing effect of increasing ambient pressure on
bubble growth has been observed for each liquid although the ambient pressure
at which a smooth interface is first observed varies with the liquid. Surface ten-
sion tends to stabilize an interface against onset of instability. Liquids with
higher surface tensions tend to boil stably at lower pressures than liquids with
lower surface tensions. The nondimensional Jakeb number, the ratio of the
enthalpy loss in the thermal boundary layer surrounding the bubble to the
latent heat required for evaporation, is a useful parameter to correlate the rela-
tive violence of unstable boiling between different liquids. The Jakob number,
like the superheat, is a measure of the departures from ordinary boiling that
occur during explosive boiling at the superheat limit. Increasing the ambient
pressure decreases the superheat and Jakob number, which causes the vapouri-
zation rate to decrease. For a given ambient pressure, the liquids with the
higher Jakob numbers boiled more rapidly and generated higher radiated pres-
sures (a measure of boiling violence) during bubble growth. Of the liquids
tested, acetone had the lowest Jakob number and highest surface tension

(@ Tyq¢). and was the only liquid to boil stably at atmospheric pressure.

The Landau mechanism for the instability of laminar flames has been
adapted to the case of evaporation to investigate the effects of variable ambient
pressure for a variety of liquids. The linear theory treats the stability of an
interface between fluids of different density with substantial mass flux across
the interface. A spherical version of the theory, applicable before the vapour
bubble contacts the droplet surface, predicts absolute stability at atmospheric
pressure. This is in agreement with photographs showing stable bubble growth
shortly after the initial nucleation. At later times evaporation takes place
across only a fraction of the bubble surface and the spherical constraint is
clearly inappropriate. The instability occurs at wavelengths that are much

smaller than the curvature of the evaporating interface, and planar theory
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yields results in general agreement with observation. From the planar theory, a
parameter has been defined as the product of the maximum growth rate and
the time interval that the bubble sux\'face is predicted to be linearly unstable.
This '"figure of merit" measures the sensitivity of a liquid to instability. For prac-
tical estimates of the susceptibility of a liquid to instability it is suggested that a
value of 3 of this parameter be taken as a lower limit for instability. The sensi-
tivity of the instability to temperature suggests that small temperature nonuni-
formities may be responsible for quantitative departures of the behaviour from
predictions. Shepherd & Sturtevant (1982) noted that after the onset of insta-
’bility the evaporation process seems to be quasi-steady. The implications of this
relatively simple behaviour have been discussed in light of the current experi-

mental results.

The present observations present a clear view of the substantial departures
from ordinary boiling that occur when a liquid boils at the superheat limit.
Extrapolating near-equilibrium models of bubble growth to the superheat limit
is doomed to failure if the stability of the evaporating interface is not con-
sidered. The significant effect of the evaporative instability on the vapourization
process is relevant to large-scale vapour explosions that occur in practice, and
represents an additional factor that is not accounted for in existing models of
fuel-coolant interactions. The applicability of the current experimental results
to a larger class of fluids, particularly ones with industrial importance, still has
to be verified in detail. The present results serve to emphasize that a great deal
of experimental research at small scale must still be done before sufficient
information is available to properly model vapour explosions and to predict

their severity.
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Appendix A

ASYMMETRIC BUBBLE COLLAPSE

The shape of a collapsing vapour bubble can be strongly influenced by the
proximity of the pressure transducer baffle within the test section. The cylindri-
cal transducer baffle is mounted close to the exploding droplets (see
conflguration A in figure 2.3) to obtain a signal that is used to trigger the light
source during early times in the vapourization process. However, after the
vapourization is complete, the resulting vapour bubble may come into contact
wilh the transducer baffle. When the bubble begins to collapse, the presence of
the baffle impedes the collapse of the portion of the bubble that is closest to the
baffle. The resulting asymmetric collapse of the bubble is illustrated in figure
A.1 which shows four different bubbles of ether vapour collapsing at atmos-
pheric pressure. The blunt end of the cylindrical transducer baffle is visible to
the left of each of the bubbles and the small dark circle on the end of baffie indi-

cates the active surface of the pressure transducer.

Figure A.2 shows a typical pressure trace recorded by the transducer with an
indication of the times that correspond to the pictures shown in figure A.1. The
pressure rises sharply during the vapourization of the drop and reaches a max-
imum when the drop is completely vapourized. The pressure falls to a minimum
as the bubble expands to its maximum size. Picture A in ﬁguré A.l was taken
shortly after the bubble has started its initial collapse. The section of the bub-
ble farthest from the baffle develops surface distortions during collapse (picture
B) and at the minimum radius a portion of the bubble nearly separates from the
bulk of the bubble (picture C). Picture D was taken shortly after the bubble has

begun to rebound from the initial collapse. The rapid outward radial
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Figure A.1 Ether bubbles near the transducer baffle collapsing at
atmospheric pressure
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acceleration of the right part of the bubble causes the bubble surface to develop
a fingering structure (due to the Rayleigh-Taylor instability) that is characteris-
tic of interfaces between fluids of different density that are subject to large nor-

mal accelerations.

The asymmetrical bubble collapse shown in flgure A.1 is remniscent of the
behaviour of collapsing cavitation bubbles near or attached to a wall. An exten-
sive body of experimental and numerical work (reviewed in detail by Plesset &
Prosperetti, 1977) has been carried out to investigate the collapse of a cavita-
tion bubble in the vicinity of a rigid boundary. Examples of the experimental
results can be found in Benjamin & Ellis (1968) and Lauterborn & Bolle (1975),
and compared with the numerical investigation of Plesset & Chapman (1971). In
the dynamics of an oscillating cavitation bubble the heat transfer associated
with evaporation is usually negligible and the motion is controlled by the inertia
of the surrounding liquid (Plesset & Prosperetti, 1977). The dynamics of a bub-
ble produced by the vapourization of a superheated drop differs somewhat from
the behaviour of cold cavitation bubbles. The bubbles observed in the present
experiments are filled with vapour that impedes the collapse of the bubbles. As
a result, the minimum bubble radius is not nearly as small as for a typical cavi-
tation bubble and the surface distortions at the minimum radius are readily

visible.

The asymmetric collapse of a cavitation bubble near a wall leads to the for-
mation of a high-velocity jet that is directed towards the wall. A similar strong
jet has not been observed for the vapour bubbles collapsing near the transducer
baflle in the present experiments. However, figure A.3 shows one photograph
that provides evidence that a weak jet of vapour may penetrate the body of the
bubble and impinge on the transducer baffle. The figure shows a bubble of iso-

pentane vapour expanding after the initial collapse of the bubble. The time the
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Figure A.2 Pressure recorded during bubble collapse and oscillation.
The letters A to E refer to the times for the pictures shown
in figures A.1 and A.3.

photograph was taken is indicated on the pressure trace in figure A.2. The
small-scale roughness that is visible on the surface of the bubble closest to the
transducer may have been caused by the formation of a reentrant jet of vapour

during the collapse of the righthand portien of the bubble.
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Figure A.3 Isopentane bubble rebounding after the initial collapse
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Appendix B

CLASSICAL BUBBLE GROWTH THEORY

The theory referred to as the '‘classical theory of bubble growth” in earlier
chapters describes the growth of a smooth vapour bubble from a critical
nucleus in a uniformly superheated liquid. The most complete version of this
theory is due to Prosperetti & Plesset (1978). The bubble growth theory shows
that in a uniformly superheated liquid growth proceeds in three stages: first, a
stage dominated by surface tension, in which the bubble grows from a critical
rﬁdius; second, an inertially-controlled stage during which the bubble grows at a
constant rate; and finally, an asymptotic stage governed by heat transfer in
which the radius grows as t'2. Once the bubble has grown out of the surface
tension dominated stage (which lasts less than 1071% sec for ether at atmos-
 pheric pressure!) the growth can be described approximately by a universal
equation in scaled variables. In deriving this equation Prosperetti & Plesset
(1978) assumed that (i) the pressure and temperature of the vapour are uni-
form, (ii) the vapour is in thermodynamic equilibrium with the liquid surface,
(iii) the vapour pressure is a linear function of the temperature of the liquid
surface, (iv) the latent heat is constant, and (v) the surface tension is negligible.
Only two variables, the bubble radius R and the bubble surface temperature T,
are independent in this theory with the above assumptions. Other variables are

determined as a function of R, 7, and their derivatives.

To compare the theory with the bubkle growth rates found for stable boiling
in the present experiments at high pressures, rather than solving the universal
equation, simple interpolation formulas suggested by Mikic et al. (1970) were

used for R and 7,. However, the modified method for evaluating the vapour
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pressure suggested by Theofanus & Patel (1976) was used. Prosperetti & Plesset
(1978) show that these interpolation expressions are in reasonable agreement
with the solutions to the universal bubble growth equation. For early times the
growth of the bubble radius is dominated by liquid inertia and the radius grows

linearly in time as follows:

_ 12
Rinertiol = %fl’-%?%—_—)f:— t (B.1)

The above expression predicts a constant radial velocity of about 43 m./s for
ether at 3 bar. As the bubble expands the liquid at the bubble surface cools due
to the loss of heat from evaporation. The vapour pressure inside the bubble
consequently falls and eventually reaches the ambient pressure when the sur-
face temperature of the bubble falls to the saturation value corresponding to
the ambient pressure. The effect of ambient pressure on the behaviour of the
bubble surface temperature for ether is shown in figure B.1. The total tempera-
ture drop that occurs (which is just the superheat, Ty — T,y ). decreases with
increasing ambient pressure. Also the surface temperature falls more rapidly to
its asymptotic value at higher ambient pressures. In this asymptotic regime the

bubble growth is controlled by heat transfer and is given by the following:

Pt Tsas) lZD]l/z
Rinermar = Ja
¢ pu(Taat) ul ]

ti2 (B.2)

where D is the thermal diffusivity of the liquid evaluated at T,, and the Jakob

number is given by:
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Figure B.1 Effect of ambient pressure on the variation of bubble sur-
face temperature in ether

cp(Tcat) (T- - Tnat)

Ja =
* L(Tsat)

(B.3)

The properties of the liquid and vapour were estimated using the methods listed

at the bottom of table 2.3.

Increasing the ambient pressure decreases the time duration of the inertial
growth phase and slows the bubble growth velocity. For example, in ether the
cross-over time between the inertial and heat transfer dominated stages
(defined as the time when Rinertias = Riherma:) Varies from 5.0 usec at atmospheric
pressure to 0.27 usec at 3 bar. Figure B.2 shows the growth of the bubble radius
as a function of time generated using the interpolation approximation to the
classical theory. The theoretical curves are plotted for ether at atmospheric
pressure and for 3 bar on a log-log scale and the change in slope of the curves

reflects the transition from inertially-dominated bubble growth to growth
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Figure B.2 Effect of ambient pressure on theoretical bubble growth
rates for ether

limited by heat transfer. In figure B.3 the theoretical curves are replotted on a
semi-log scale together with the experimental data estimated from the photo-
graphs shown in figure 4.8 for ether at 3 bar. The data follow the shape of the
theoretical curve quite well indicating that the asymptotic growth law (equation
(B.2)) is a good approximation to the bubble growth at this stage. However, the
experimental points consistently lie above the theoretical predictions, suggest-
ing that the theoretical interpolation equation slightly underestimates either
the inertial growth rate at early times or the duration of the inertially-
dominated growth regime. In any case, the discrepancy between the theoretical
curve and experimental results is not surprising considering the fact that the
finite size of the drop and heat transfer from the host fluid to the evaporating

surface and to the vapour in the bubble are not accounted for in the theory.
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Figure B.3 Experimental and theoretical stable bubble growth in ether
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Appendix C

MULTIPLE NUCLEATIONS

At atmospheric pressure the unstable vapourization of a superheated drop is
always observed to proceed by the formation and growth of a single bubble
within the drop. At high ambient pressures, when the instability is suppressed,
the smooth vapour bubble grows much more slowly and quite often two or more
nucleations are observed to occur within a single drop. The formation of each
bubble nucleus generates a small-amplitude pressure pulse that is recorded by
the pressure transducer. The recorded pressure trace can then be examined
together with a photograph to determine if more than one bubble nucleated
within the drop. In this appendix the occurrence of multiple nucleations in
ether drops vapourizing in the transitional regime of instability will be illus-

trated.

Figure C.1 shows two vapour bubbles growing within a drop of ether boiling at
3 bar. From the pressure trace it can be determined that the second bubble
formed about 55 usec after the initial bubble. The photograph was taken 500
usec after the second nucleation occurred. An example of a more rare triple
nucleation event is documented in figure C.2. With reference to the pressure
trace, the nucleation history of the rather bizarre looking drop shown may be
reconstructed. Following the first nucleation the second bubble tormed after a
delay of 785 usec. The drop was photographed after an additional delay of
about 2 ms and the bubbles form the two lobes that are visible on each end of
the drop. The two faint curved lines that are just visible through the central
part of each bubble are the intersections of the bubbles with the remaining

liquid in the drop on the side of the bubbles away from the viewer. The pressure
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Figure C.1 Double nucleation within an ether droplet boiling stably at
3 bar

trace indicates that the third bubble nucleated a mere 35 usec before the spark
gap fired to photograph the drop. The third nucleation occurred in the remain-
ing liquid located behind the large bubble on the right side of the drop. The
small bubble (less than 0.2 mm in diameter) can be viewed through the centre

of the larger bubble in front of it.
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Fipure C.2 Triple nucleation within an ether droplet boiling stably at 3
bar

When two bubbles grow within a drop and merge, a thin filament of liquid is
often left behind after the coalescence of the bubbles. Figure C.3 shows two
examples of this in drops that suffered two nucleations. Picture A was photo-
graphed 35 usec before and picture B 65 usec affer the initiation of the explo-
sion. In the right photograph it can be seen that the explosive jet combines with

the large droplets of the fluid filament.

The merging of two bubbles within a drop usually causes a disturbance that is
sufficient to initiate the violent instability. Droplets that remain from the fluid
filament are often observed within bubbles photographed shortly after the onset

of unstable boiling. Figure C.4 shows a drop photographed 35 usec after the
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Figure C.8 Liquid filament resulting from the merging of two bubbles
growing within a drop

unstable vapourization was triggered in the lower portion of the drop. Small
droplets are visible within the bubble that are unrelated to the fine mist of par-

ticles that is generated at the evaporating interface. When bubbles nucleate on
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Figure C.4 Ether bubble shortly after onset of instability

opposite sides of a drop, grow and meet, large distortions of the bubble surface
can occur as shown in figure C.5. The stably vapourizing liquid trapped between

the two growing bubbles began to boil unstably 60 usec before the photograph

was taken.
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Figure C.5 Unstable boiling following double nucleation
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Appendix D

LANDAU INSTABILITY RESULTS

Landau (1944; cf. also Landau & Lifshitz 1959) investigated the stability of a
plane flame front with respect to small disturbances. The analysis considers the
dynamical behaviour of an interface between two fluids of different density with
mass flux across the interface. No thermal effects are included and the effect of
surface tension and fluid accelerations at the interface enter into the theory
through the boundary condition on the pressure. Figure D.1 shows a schematic
of the interface 7m(y.t) with nomenclature appropriate for evaporation at the

interface.

Z |

W ? Liquid, p,

Vapour, Py

<1

Figure D.1 Schematic of interface coordinates

In this frame of reference the unperturbed interface is the plane z = 0 and #,,
W, are the velocities respectively of the liquid and vapour relative to the inter-
face. By specifying perturbations to the velocities and pressure, and assuming

exponential growth of the perturbed interface, i.e.,
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ny.t) =mno e cos(ky) (D.1)

Landau derived a quadratic relation for the dimensional growth rate w. Solving
this dispersion relation for the larger root gives the following expression for the

growth rate as a function of the wavenumber, k:

2 12
oo T +fk2mm<w,,"’+mm—rn)_%2 ' (0.2)
W, + W, (M + W,)?

In solving for the above expression, the continuity of mass flux J at the inter-

face, i.e.,

JEp W =pW (D.3)

was used and the natural frequency of ordinary surface waves, 1y, given by

L2z 3 —py) + 0k® (D.4)
o P+ Py ’ '

was introduced, where ¢ is the surface tension. If the terms involving mass lux
in equation (D.2) are set to zero, the growth rate becomes imaginary {(w = i)

indicating oscillatory behaviour.

The growth of the perturbation of the interface is driven by the mass flux
across the interface. For example, for small values of the wavenumber the con-
tribution from 1§ in equation D.2 may be neglected, and if it is assufned that

pL >> py, the growth rate is linearly proportional to the mass flux as follows:
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k

w = ch . (D.5)

Equation (D.5) does not hold at high wavenumbers when the assumption that vy
is negligible is no longer valid. For large values of k, the surface tension term in
vy becomes important and v,® dominates the other term within the square
brackets in equation (D.2). As a result w becomes complex with a negative real

part indicating a stable configuration.

The Landau instability is characterized by the presence of vorticity in the
vapour region. The presence of the vorticity is fundamental to the instability
mechanism and comes about as a result‘. of the requirement of continuity of
tangential velocity at the interface (Marble, 1985). The incoming liquid flow is
irrotational but vorticity is produced by the flow transition at the interface. The
vorticity is generated through the action of the baroclinic term (Vo x Vp) in
the vorticity equation. Figure D.2 shows a schematic of the interface showing
the direction of the density and pressure gradients and indicating the direction

of the vorticity that is produced in the vapour.

A Vapour

%
»
.
* %,
R [ R B4 P,
N
.o
2.}

Figure D.2 Baroclinic generation of vorticity at the evaporating interface
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An expression for the vapour vorticity may be derived from the Landau theory
by taking the curl of the fluctuation velocity in the vapour. The resulting

expression for the vorticity, ¢, is as follows:

ot -3/¥,)

¢= noksin(ky)rl + k‘" rk(Wu - W) —Ruwle (D.8)

Wy

—

The vorticity is 90° out of phase with the perturbed interface and the maximum
vorticity is produced at the inflection point in the interface as shown in figure
D.2. The vorticity produced decreases as the growth rate o decreases, but

remains the same sign when the real part of @ becomes negative.

To obtain a better physical feel for the instability mechanism, it is instructive
to examine the pressure fluctuations that are generated in the vapour and
liquid. From the Landau theory the pressure perturbations in the liquid and

vapour can be expressed as follows:

P = oo (W, + wik)cos (ky )elet ++2) (D.7)

[
k(W,=) = o1+ =)

v

P = —nopu( W, — w/k) — cos (ky Je(®* ~#2) (D B)

PYA

1 -

For the unstable case (v > 0), with the same assumptions used in writing equa-

tion (D.5), the pressure perturbations can be written as follows:
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. . k
P =Py = - I]’-og-f"cos(lcy)e("‘ ~kls) (D.9)
v

So the motion of the interface produces a lateral pressure variation that is at a
maximum at the interface and decays on either side of the interface. The pres-
sure perturbation grows exponentially in time with growth rate w as a result of
the fundamental unsteady behaviour bat the interface. The pressure perturba-

tion is 180° out of phase with the interface as shown in the drawing on the left in

figure D.3.

| Sign of Pressure A

Perturbatiin?
——

Liquid

Unstable Stable

Figure D.3 Deflection of fluid streamlines due to pressure fluctuations in
the liquid

The incoming fluid streamlines are deflected away from the liquid troughs and
into the fluid crests causing the amplitude of the interface perturbations to
grow. The evaporating surface may become so convoluted that liquid particles

are ejected downstream into the vapour region, greatly enhancing the mass flux.

For low values of the mass flux the real part of w is negative and the surface
is stable. In this case, from equation (D.7), p,’ has the opposite sign as for

unstable growth (p, remains the same sign but decreases in magnitude) and the
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situation is depicted in the drawing on the right in figure D.3. Now the liquid
moving towards the interface is deflected towards the liquid troughs tending to

decrease the initial disturbance and leading to a stable configuration.
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