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Abstract

Superheated liquid vaporizing explosively in a particle bed inside a
cylindrical test cell has been studied using a rapid depressurization
apparatus. The experiments provide insights into the explosive vaporization
phenomenon and the multiphase flow which is generated by the rapid

production of vapor.

Inside the sealed test cell, spherical glass particles are immersed in a volatile
liquid, Refrigerant 12 or 114 at 300K. When the diaphragm at the upper
end of the test cell is ruptured, the liquid pressure is reduced to a
predetermined pressure within milliseconds. Since the liquid temperature is
higher than the boiling temperature at reduced pressure, the liquid achieves a
superheated state and nucleate boiling begins among the particles. The
particle-liquid-vapor flow produced by the rapid release of vapor has been
found to differ depending on whether the pressure is reduced below a
critical level, which is 55% of the vapor pressure in the experiments
conducted. When the final pressure is greater than critical, vapor pockets
continue to grow throughout the particle bed and displace a liquid-particles
mixture out from the test cell. When the final pressure is below critical, the
particles are dispersed by a wave-like phenomenon (disruption front) where
explosive vaporization appears to be localized in a narrow region. A
disruption front in R12 travels at about 380 cm/s, and at about 200 cm/s in
R114.



Experiments have been performed at various conditions to study the
vaporization and transport process. High-speed cinematography and fast-
response pressure gauges have provided data on the particle acceleration
process. The inertial effect on particle acceleration has been studied by
conducting similar experiments in a centrifuge. Using this data, the
transport process associated with the disruption front has been examined in
detail. An empirical relationship between the particle weight and viscous
drag is presented for this particular case. This study concludes with
discussions based on analytical models of the disruption front to
approximate flows properties which are intractable experimentally. It is
suggested that a disruption front is an expansion process which maximizes

vaporization and entropy.
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Chapter 1
Introduction

Certain volcanic eruptions, such as the May 18, 1980, eruption of Mt. St. Helens, and
some geothermal explosions, occur when pressure is suddenly released from a confined
volume of hot material. In these explosive eruptions, the eruptive material can be described
as consisting of two components, volatile and nonvolatile. During the moments following
depressurization, bubbles of vapor will nucleate on the surfaces of nonvolatile material. In
volcanic eruptions, the growth of vapor bubbles is thought to fragment the magma into
juvenile pyroclasts which are then lofted by the vapor released during the disruption of the
bubbles. In geothermal systems, explosive expansion of water vapor occurring in a
superheated aquifer is responsible for the eruption of a geyser. Explosions at the Kawerau
geothermal field in New Zealand have been attributed to reduction of fluid pressure leading

to the vaporization of hot subsurface water (Nairn & Wiradiradja, 1980).

Other examples of hazards due to explosive vaporization can be found in industry.
For example, hot water in the cooling lines of nuclear power plants is kept from flashing by
the high pressure. If one of these cooling lines ruptures, the pressure drops below the
vapor pressure, and rapid vaporization of water results. This often leads to a loss-of-
coolant accident (LOCA), because the expansion of vapor forces water out of the cooling
lines through the break. Under certain conditions, such as high water temperature or an
abundance of nucleation sites, the situation is even more hazardous, because the
vaporization is sufficiently rapid to be considered explosive. This process has been
observed in blowdown experiments which have been used to simulate LOCA incidents

(Winters and Merte, 1979).

On the other hand, controlled rapid vaporization can be a useful industrial process.

Aerosol production is an interesting characteristic of many rapid vaporization processes. A



technique called spray drying produces powder (e.g., powdered milk) from a mixture of
ingredients in volatile liquid. In this process, the mixture is heated and forced through a
nozzle into a region of lower pressure. The volatile liquid begins to vaporize in the nozzle

and a spray of fine particulates is produced (Marshall, 1954).

The processes which transform hot material into particle-laden gas during rapid
vaporization are not well understood. The conditions in which the process occurs,
especially in the volcanological cases, are not amenable to direct observations. The
thermodynamic and fluid dynamic behavior of complicated fluids undergoing expansion
involves the transport of mass, momentum, and energy by mechanisms which are closely
coupled and non-linear (Sturtevant and Kieffer, 1982). In volcanic eruptions, vaporization
and particulate drag are two important features which affect the expansion of material upon
depressurization. Examinations of these complex i)rocesses under controlled conditions

should lead to the identification of parameters important to rapid vaporization.

- 1.1 Background

1.1.1 Fluid Mechanical Studies of Volcanic Eruptions. The gasdynamics approach -
to high-speed flow problems in geology, employed in this work, was first introduced to the
study of geysers and volcanic blasts by Kieffer (1977, 1981). In these works, Kieffer
demonstrates the importance of compressibility in volcanic eruptions involving high mass
flux. Prior to this, Wilson (1976) postulated that supersonic velocities are produced by
energetic (Plinian) eruptions, as indicated by the distribution of large pyroclastics deposited
near the vents. However, the validity of his assumptions, particularly those concerning the
bulk density of the transporting medium, are not well established (Woods and Bursik,
1990).

The multiphase nature of volcanic flows, both within the conduit and in the
atmosphere, has also been recognized. The flow of bubble-rich magma within the conduit

is treated as a homogeneous two-phase flow by Sparks (1978a). Sparks proposes a



mechanism for the fragmentation of gas-rich, viscous magmal which produces particulates
which are transported by the released vapor. Sparks' model for the transition from bubbly
two-phase flow to dispersed two-phase flow which occurs in a Plinian eruption involves a
narrow fragmentation region in which the bubbles are fragmented. The fragmentation of
the magma produces a high-speed flow of particulates and vapor which is characteristic of
Plinian eruptions. High-speed flow of this type is analyzed by treating the particle-laden
gas as a pseudo-gas by Kieffer (1978, 1981). However, not all eruptions produce a high-
speed flow of particulates. Vergniolle and Jaupart (1986) apply the concept of separated
two-phase flow to eruptions involving low viscosity, basaltic magma.2 Coalescence of gas
bubbles in basaltic magma produces slugs of gas moving relative to the molten material, so
a homogeneous flow model cannot be applied, and the two phases must be treated

separately.

The experimental studies of eruption-related fluid mechanics are somewhat limited.
Sheridan and Wohletz (1983) conducted experiments simulating hydro-magmatic
interactions which are believed to be responsible for shallow volcanic craters called maars.
These craters are formed when hot magma interacts with a substantial reservoir of
subsurface groundwater or a surface body of water. The explosive phenomenon being
modeled in these experiments is similar to industrial vapor explosions (Reid, 1983) which
occur when extremely hot material is suddenly brought into contact with water. Another
phenomenon in volcanic eruptions also associated with industrial application is fluidization
of particulates. Wilson (1984) conducted fluidization experiments to understand the
behavior of pyroclastic flows, a gravity driven flow of volcanic particulates. McTaggart
(1960), Sparks (1976, 1978b), Sheriden (1979), and Wilson (1985) describe features of

pyroclastic flows which are consistent with the behavior of partially fluidized beds

1" Andesitic magma responsible for many stratovolcanoes is a material of this type.
2 This type of magma is responsible for shield volcanoes such as Mauna Loa and Mauna Kea in Hawaii.



observed in the experiments. Fluidization has also been used to explain the transport of
material in explosive breccia pipes (Reynolds, 1954). (Breccia pipes are vertical pipe-like
features with evidences of explosive upheaval which are filled with fragmented material, or
breccia.) However, the concept of transient fluidization occurring in the breccia pipe

during its formation is disputed by Wolfe (1980).

1.1.2 Applications in Engineering Sciences. Gasdynamic phenomena involving
phase transition have been studied since condensation shocks were first observed in early
supersonic wind tunnels. Recently, several investigators have studied high-speed adiabatic
phenomena involving evaporation. Evaporation waves produced by the rapid
depressurization of liquid are studied by Grolmes and Fauske (1974), Chaves (1981,
1984), and Hill (1990). Chaves' experiments, conducted with liquid heated close to its
critical point, are part of a larger program by Thompson et al. (1986, 1987). In
Thompson's work, depressurization of fluids with high specific heat near the critical point

was studied to investigate the possible formation of rarefaction shock waves.3

Flow discontinuities involving vaporization are thermodynamically equivalent to
exothermic discontinuities, such as those involving combustion, because internal energy is
converted into kinetic energy. However, cooling occurs in evaporation, while the release
of chemical energy in combustion causes heating. In combustion, the exothermic
discontinuity may be a fast-moving detonation or a slow deflagration. A detonation wave,
which increases the pressure, propagates at supersonic speed through the combustible
medium. A deflagration wave propagates at subsonic speed and decreases the pressure.
Since a vaporization process produces a state which is lower in temperature and density, an

evaporation wave is similar to a deflagration wave.

3 A rarefaction shock will generally violate the second law of thermodynamics.



The speed of a deflagration wave, especially that of a laminar premixed flame, is
determined by the rate of mass and heat transfer needed to combine and ignite the chemical
species. A similar rate relation is believed to determine the speed of the evaporation wave
(Hill, 1990). However, latent heat is transferred downstream in evaporation while the heat
is transferred upstream from the flame to ignite the fuel-air mixture. Fluid mechanical
instabilities, such as the Taylor-Markstein instability caused by local acceleration of the
fluid, produce unsteadiness which often leads to a rate relation which is much more
complex than the one-dimensional diffusion model (Hill, 1990). In the case of rapid
vaporization, the surface tension at the interface will have an effect on the unsteady process
which has been observed.4 The presence of solid particles in the superheated liquid will
affect such mechanisms by providing nucleation surfaces. In addition, due to the
gravitational packing of negatively buoyant particles, the liquid is partitioned into small

volumes which may have an effect on the unsteady processes.

High-speed transport of multiphase material is an important subject in industry. The
flow of material produced by the vaporization of superheated liquid is an extreme example
of a multiphase flow. For example, the flows produced by the experiments conducted for
this study involve three phases of material. In the past, studies of multiphase flows have
been conducted mainly on two-phase flows (Wallis, 1969). Only the special case of the
fluidized bed has received a significant amount of attention as a three-phase flow
(Ostergaad, 1971; Darton, 1985). In cases such as the volcanic eruption, where a particle-
laden flow is accelerated, the interaction between the particles and gas, as described by

Marble (1963, 1970), is also important.

1.1.3 Closely Related Works. The present work is part of an experimental effort to

explore gasdynamics in multiphase media. Two previous studies are directly related to the

4 Hill (1990) hypothesizes that "bursts" are necessary for the propagation of the evaporation wave.



present work. Anilkumar (1989) studies the behavior of macroscopic particles when gas
within an initially packed bed of particles is expanded by rapid depressurization. This
study shows that an isotropic dense dusty gas, i.e., a homogeneous dispersion of
particles, cannot be produced by this method. The breakup of the particle bed by
expanding interstitial gas invariably produces horizontal fractures instead of a
homogeneous dispersion of particles. These fractures were observed to develop into gas
bubbles bound by streams of particles. Anilkumar's work has received attention for its
relevance to the flow of fine pyroclastic material deposited by a volcanic eruption. Hill
(1990) studies vaporization occurring in a column of pure liquid which has been
superheated by rapid depressurization. In Hill's experiments, unlike previous blowdown
experiments, careful preparation of the test cell eliminates the nucleation of vapor bubbles
on the test cell walls. In the absence of nucleate boiling, the bulk of the superheated liquid
remains in the metastable state, and vaporization occurs at the top of the liquid column.
The liquid-vapor interface is transformed by vaporization into an evaporation wave which
travels at subsonic speed down the liquid column. A high-speed two-phase flow produced
by the evaporation wave, which is not necessarily choked, carries mass out of the test cell.
Thermodynamically, the process is analogous to a deflagration wave propagating in a
combustible mixture. Hill proposes that the mechanism for driving an evaporation wave
depends on fragmenting the thermally depleted liquid adjacent to the interface. Explosive
bursts of vaporization associated with the evaporation wave are suggested as the
mechanism responsible for the fragmentation process which exposes fresh superheated
liquid to vaporization at the interface. Suppression of the burst by increasing the
backpressure is shown to shutdown the production of high-speed two-phase flow by this

process.

1.2 Basis for the Present Work
"1.2.1 The experiment. The experiments conducted for the present work combines

aspects of Anilkumar's particulate flow experiments and Hill's rapid vaporization



experiments. In the new experiments, a packed bed of glass particles immersed in a
volatile liquid is disrupted by the vaporization when the liquid is superheated by
depressurization. Rapid vaporization provides a practical method for achieving the high
vapor flux in a laboratory experiment necessary for simulating the transport of crystals and
glassy pyroclasts by the rapid vapor release in a volcanic eruption. Although vaporization
is a heat transfer dependent process and exsolution of magmatic gas is a mass diffusion
process, the transport process in the experiment will be relevant to volcanic eruptions if it is
controlled by the vapor flux. In the experiment, particles in the mixture promote the
production of vapor by providing nucleation sites for gas bubbles. However, nonvolatile
material, such as the particles or unvaporized liquid droplets, impedes the release of vapor
by contributing to the pressure drop in the test cell. The interaction between the nonvolatile
material and the flow of vapor is thought to be important to the transport of these materials
in the test cell. In this respect, the results of the experiments should further our

understanding of volcanic eruptions.

1.2.2 Scaling Considerations. The scale of the physical system involved in a volcanic
eruption is far greater than what can be practically simulated in the laboratory. Even the
smallest geological eruptions of interest, those of geysers, involve systems which extend
on the order of 10 to 100 meters underground (Reinhart, 1980). As a consequence of the
large vertical scale, gravitational effects are extremely important in geological eruptions. In
experiments simulating the eruptions, it is desirable to reproduce the relative importance of
inertia and gravity. This requires the ratio of inertial force to gravitational force, or the
Froude number (Fr), of the experiment to have a value in the same range as that of the

eruption.
2

g (1.1)

where u is the characteristic velocity, / is the characteristic length, and g is the acceleration

|t:

Fr

S~

of gravity. Since a process which transports material against gravity is being modeled, the



characteristic velocity and the length scale in the vertical direction are important. Although
the characteristic length of the experiment is far less than that of the eruption, the velocity
cannot be reduced to keep the Froude number constant because a high-speed flow is
produced by an explosive eruption. The relative importance of viscosity and
compressibility in a high-speed flow can only be modeled in an experiment which also

involves a high-speed flow.

The gravitational force can be scaled to compensate for the reduced scale by
conducting the experiment in a centrifuge. This approach has been used in reduced scale
geotechnical experiments (Scott, 1983), and the effect of the centrifugal acceleration on
dynamic processes is describe& by Ortiz et al. (1983). For dynamic processes occurring
in the new experiments, the centrifugal acceleration replaces the gravitational acceleration in
the Froude number expressed by Equation (1). Since the product of the characteristic
length and the acceleration is in the denominator, the same Froude number can be obtained
if the acceleration is scaled inversely proportional to the length. Then, the effect of gravity
on a 50 meter deep geological system may be modeled by a half meter long apparatus if the
experiment is conducted at 100g.5 Caltech's geotechnical centrifuge, rated for use at 175g,
has been used in this work to study the role of gravity in eruptions driven by the rapid

release of vapor.

The relative importance of the viscosity is given by the ratio of inertial forces to

viscous forces, the Reynolds number (Re).

m (1.2)
where the characteristic density is p and the viscosity is j. For a typical flow of particle-

laden gas produced by a volcanic eruption, the estimates of Reynolds number for the

5 "100g" should be read as "100 times earth's gravitational acceleration" or 980 m/s2.
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visibly turbulent flow exceeds 109; therefore the the effect of viscosity is negligible. If the
Reynolds number of the experiment is sufficiently high to make the flow fully turbulent,

then the effect of viscosity will also be negligible.

A dispersed particulate flow, such as those occurring in some volcanic eruptions, can
be analyzed as a pseudo-gas (Kieffer, 1981). The compressibility of such a flow is
described by the Mach number (M), a ratio of the flow speed to the sound speed (a), where

the sound speed will be lower than that in pure gas (Kieffer, 1977).

u

T a (1.3)
In volcanic eruptions as well as in industrial accidents, the pressures involved are sufficient
to produce gasdynamic choking of the flow, which means that the characteristic velocity is
the sonic velocity of the medium. Sonic velocity of particle laden gas, such as in the Mt.
St. Helens biast, is on the order of 100 m/s (Kieffer, 1981). The relatively high velocity
and pressure necessary in the experiment for properly scaling the Reynolds and Mach

number are produced by the rapid vaporization of superheated liquid.

The high-speed flow essential for modeling a geological eruption requires a rapid
production of vapor. In the experiments, the vapor is produced by rapidly vaporizing a
liquid using the excess enthalpy or superheat which results from depressurizing the liquid.
The amount of vapor produced by depressurization is determined by the Jakob number
(Ja), a ratio between the excess liquid enthalpy and the heat of vaporization. This ratio is
equal to the mass fraction of superheated liquid which can be vaporized by the
depressurization of liquid in an adiabatic system.
hiig(Po) — hiyig(Py)
hyap(Py) = hiig(Py) (1.4

where hy;q(P) and Ay qp(P) are enthalpies of saturated liquid and saturated vapor respectively

Ja (Pa, Pb) =

at some pressure P; P, is the vapor pressures of the liquid before and Py, is the vapor



pressure after the depressurization. (The time scale of explosive vaporization is usually too
short for significant heat transfer, making the process essentially adiabatic. However, if
additional source of latent heat exists in the system, the additional enthalpy must be added
to the numerator of the expression.) Higher Jakob numbers, thus greater vapor release,
can be obtained by decreasing the final pressure, Py, relative to the initial vapor pressure,
P,. This means that experiments involving the same material and initial conditions can be
used to study how the vapor production determines the behavior of an eruption by just
changing the pressure downstream of the test cell. The effect of vapor production can also
be studied by using test fluids of different volatility, but such results may only reflect the

differences in the fluids.

1.3 Outline of the Present Work

This work discusses the results of a series of experiments which were performed to
study the disruption of a particle matrix and subsequent particle transport due to the rapid
vaporization of liquid within the matrix. The results of these experiments provide
information regarding the parameters which are important to the dispersion and transport of
particles. A series of experiments was also conducted in a centrifuge to increase the effect
of gravitational force on the small-scale experiments to simulate the phenomena which

occur in a large system under normal gravitational conditions.

The techniques and materials used in this work are described in Chapter 2. In Chapter
3, the results of the the flow visualization experiments are used to describe qualitative
differences in the behaviors observed. The quantitative results of the experiments are
discussed in Chapter 4. A hypothesis which attempts to explain behavior which is
observed in the experimental data is presented in Chapter 5. Finally, Chapter 6 concludes
the present work with a discussion of the implication of these results in the study of

volcanic eruptions.



Chapter 2

Experimental Methods and Materials

A rapid depressurization apparatus is used to produce an explosive vaporization which
simulates the rapid release of gases in a volcanic eruption. One such apparatus has been
constructed for experiments in the Caltech geotechnical centrifuge at Froude numbers
consistent with that of geologic phenomena. These experiments are complemented with
experiments conducted under normal gravitational conditions using a similar apparatus. In
all of these experiments, the crystal-rich magma responsible for the eruption is simulated by
glass particles in a volatile liquid. The high-speed phenomena which occur in these
experiments are examined using high-speed photography and fast response pressure

instrumentation.

The apparatus is designed to rapidly vent the test cell, a small cylindrical pressure
vessel, by opening its upper end to a region of low pressure. The basic apparatus is
composed of two main parts: a test cell with a diaphragm sealing the top and a mechanism
for cutting the diaphragm. These parts are shown in Figure 2.1, a schematic drawing of
the equipment necessary for conducting the experiments. Two apparatus configurations
have been used in this study. The Ig Apparatus (Figure 2.2) has been used to conduct
experiments at normal gravitational conditions. The Hi-g Apparatus (Figure 2.3) is a
separate apparatus designed for use in the Caltech geotechnical centrifuge; it is capable of
operating at 200g. The test cells for these configurations are identical, making components
such as the Pyrex pipe sections and the endwalls interchangeable. By using the same test

cell, geometrically similar 1g and Hi-g experiments can be conducted.

2.1.1 Test Cell Design. The test cells used in the present work are identical to those
used by Hill (1990) except for the overall length. The test cell is composed of three main

parts (Figure 2.4). The central part of the test cell is a Pyrex pipe section, 2.5 cm I.D.,



which allows photography of the phenomena inside. Pyrex pipe sections are available in
various lengths at 15 cm increments; the test cell length depends on the experiment being
conducted. These sections feature flanges for joining them to other components at either
end.! The upper flange joins the pipe to a service assembly,? and a solid endwall is
attached to the lower flange. The complete assembly forms a 2.5 cm diameter cavity
formed by the Pyrex pipe that extends through a 1.3 cm long cylindrical hole in the service
assembly. Destaco clamps attached to the service assembly are used to seal the open end of
the test cell with a metal diaphragm. The service assembly also features a port for
introducing fluids into the test cell after the diaphragm is in place. Two Bourdon-tube
pressure gauges (one for O to 1 bar and another for O to 20 bar measurements) connected to

this port are used to measure the pressure in the test cell prior to the experiment.

The diaphragms for most experiments are 0.1 mm thick disks of 1100-C aluminum
alloy.3 An arrangement of clamps holds the diaphragm against O-ring seals. Because it is
resistant to the fluorocarbon liquids used in the experiments, Neoprene is used for sealing
the test cell. A 3 mm Neoprene sheet is used for the gasket sealing the junctions between
the Pyrex pipe section and other parts of the test cell. The 22 bar hydrotest which has been
conducted to qualify the test cell as a pressure vessel also demonstrates the effectiveness of

these seals.4

The endwall at the bottom of the test cell houses a PCB piezoelectric pressure
transducer. Since temperature affects its performance, the transducer is isolated from

evaporative cooling with a layer of glass particles immersed in Refrigerant 113 (R113).5

Coming Conical System.

This part is called the Reservoir/Test Cell Interface Assembly in Hill (1990).

Thinner diaphragms are used if the test cell pressure is less than 4.5 bars above the reservoir pressure.
This hydrotest is used to qualify the test cell to a safety factor of 2.5. The test cell is designed to
withstand a pressure which is the sum of vapor pressure and the hydrostatic pressure exerted by a 50 cm
column of R12 at 200g.

5 This technique was developed in 1988 after early efforts to produce an evaporation wave in the centrifuge
was hampered by the gelatin-layer-method which was then used to suppress nucleate boiling in pure
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R113 has a low vapor pressure which keeps it from being vaporized like the test fluid by
depressurization.® In addition, R113 is denser (1.57 g/cc) than the test fluids used in the
experiments (R12 is 1.31 g/cc and R114 is 1.46 g/cc), and thus settles under the volatile
liquid, isolating the pressure transducer. Consistent pressure data cannot be obtained
without this layer. Comparative tests show that the R113 layer has a negligible effect on

the response of the pressure transducer (see 2.1.5).

In addition to the endwall pressure transducer, a pressure transducer is mounted in the
service assembly, 0.6 cm from the diaphragm. This transducer is flush mounted to
measure the static pressure of the flow at the exit. The sensitive surface of the transducer, a
stainless steel diaphragm, can t;e insulated from evaporative cooling with a Neoprene plug
(Hill 1990). However, the plug has been found to eliminate signals produced by particle
impacts which provide useful information on the speed of the particles (Figure 2.5). For
this reason, the Neoprene plug is not used in the experiment except where low frequency
pressure measurement is sufficient. Without the plug, the exit transducer will drift slowly
as the transducer is cooled by evaporation without obscuring its response to rapid changes

in pressure and particle impacts.

2.1.2 1g Apparatus. The apparatus used to conduct experiments at normal
gravitational condition has been used previously to study evaporation waves. A detailed
description of this apparatus and the study of évaporation waves can be found in Hill
(1990). Figure 2.2 illustrates the general arrangement of the apparatus. The test cell is
positioned below a 270 liter pressure reservoir, which sets the downstream condition of the
experiment, while the diaphragm cutting mechanism is mounted inside. Since the reservoir

is 125 cm off the floor, this apparatus can be used with test cells having up to a 91 cm

liquid. Hill (1990) eventually adopted the R113 method for experiments where the final pressure is
higher than 0.5 bar. Subsequently, it was found that glass particles do not hamper the effectiveness of
this technique.

6 This technique requires the final pressure following depressurization to be greater than 0.5 bars, the
vapor pressure of R113 at room temperature.



Pyrex pipe section.” The pressure reservoir can be set to any pressure between vacuum
and 3.1 bar by means of a vacuum pump and a compressed gas supply. The Heise
pressure gauges used to monitor the pressure inside the test cell can be connected to the

reservoir through a three-way ball valve.

2.1.3 Hi-g Apparatus. The apparatus used to conduct experiments in the geotechnical
centrifuge is essentially a reinforced version of the 1g Apparatus. As shown in Figure 2.3,
the test cell is supported by two 3.8 cm thick walls of 6061 aluminum. These walls are
bolted to a cradle on the centrifuge rotor (Figure 2.6), while counterweights are attached to
another cradle at the opposite end. The test cell is suspended from the service assembly
between the walls and extends through a circular hole in the cradle. The test cell is
supported against the centrifugal force by four 0.8 cm diameter steel rods which extend

from the service assembly to the endwall.

Due to space restrictions, there is no pressure reservoir attached to the test cell, which
limits the downstream condition to atmospheric pressure. Therefore, all experiments in the
centrifuge have been conducted by venting the test cell to atmospheric pressure. In
addition, the test cell length is limited to 47 cm. Unlike the 1g Apparatus, the apparatus has
been designed with an umbilical system, which supplies the volatile liquid under pressure
and monitors pressure inside the test cell. Before the centrifuge enclosure is closed for a
run, the test cell is sealed with a plug valve and the umbilical cord is disconnected. This
approach guarantees that only the minimum of equipment is subjected to high centrifugal

loads.

2.1.4 Diaphragm cutting mechanism. The test cell is vented by mechanically
piercing a thin aluminum diaphragm at the top of the test cell. This high speed

depressurization method is necessary to produce superheated liquid necessary for explosive

7 Since the test cell is lowered to change the diaphragm, a longer test cell cannot be used in the apparatus.



vaporization. Upon actuation, crossed knife blades cut the diaphragm into four petals
which are blown back by an initial burst of vapor escaping from the cavity above the test
liquid. The actuation method is apparatus dependent. The knife blades in the 1g Apparatus
are driven directly by a pneumatic cylinder. However, because the space required by a
pneumatic cylinder above the apparatus is not available in the centrifuge, it could not be
used on the Hi-g Apparatus. Therefore, in the Hi-g Apparatus, the knife blades are
mounted midway on a 30 cm arm with the actuation mechanism at the end of the arm, on
the side of the apparatus. A small pneumatic cylinder is used to release a catch, which then
allows the arm to swing the knife blades a short distance into the diaphragm. O-rings
mounted at the end of the arm, where they have a 2-to-1 mechanical advantage, are
tensioned to apply approximately 200 newtons of force on the knife blades. The blockage
ratio of the exit by the knife blades, based on the horizontal cross section of the knife

blades and the orifice, is about 3.5% (Figure 2.7).

2.1.5 Fast response pressure instrumentation. The pressure instrumentation
depends on the series of experiments for which they are used. Experiments conducted in
the centrifuge during June 1989 with the Hi-g Apparatus are instrumented with a PCB
112A21 (voltage-mode) transducer at the exit and a PCB 113A02 (charge-mode) at the
endwall. The 1g experiments are instrumented with a PCB 112A02 due to difficulties in
obtaining reliable performance from the PCB 113A02 (charge-mode) in the 1g
experiments.8 The PCB 112A21 also instruments the exit of the 1g Apparatus, although in
experiments where lower sensitivity can be tolerated, the PCB 113A26 (voltage-mode), a

transducer with longer discharge time, is used.

Charge-mode transducers (PCB 112A02 or 113A02) are used to measure the pressure

at the endwall, or base pressure, because the R113 layer protects the highly sensitive gauge

8 Unlike the Hi-g Apparatus, the pressure reservoir of the 1g apparatus requires the removal of the test cell
from the apparatus for replenishing the glass particles. The particular Micro-Dot connector on the PCB
113A02 is somehow sensitive to the movement in the cable and the connection may fail unexpectedly.



from temperature changes. A PCB 462A charge amplifier converts the piezoelectric charge
generated by the transducer to output voltage. The amplifier is used in the long-time-
constant setting which gives a discharge time of over 500 seconds.® This is much greater
than the duration of an experiment, which is always less than a second, so the base
pressure data are equivalent to measurements by a static pressure gauge. Voltage-mode
transducers used at the exit are powered by either a PCB 482A power supply or an H-Tech
RCVR/XMTR-01 low noise amplifier. The typical discharge times for the dynamic,
voltage-mode pressure transducers are 1 second for PCB 112A21 and 25 seconds for PCB

113A26.

The pressure transducers are calibrated before each series of experiments. These
calibrations are based on the change in output voltage caused by a measured change in
pressure, since the linearity of transducer response is shown to be better than 1% full scale
in an earlier test; the calibration factor, in bars per volt, is obtained by dividing the change
in pressure by the change in voltage. In the calibration trials, the test cell pressure is
changed by venting nitrogen to the atmosphere. A Bourdon-tube pressure gauge is used to
measure the test cell pressure to better than 0.04 bars, and a mercury barometer is used to
measure the atmospheric pressure to about 0.001 bar. The results of two calibration trials
conducted on February 27, 1990, are shown in Figure 2.8. The first trial is conducted
without any R113 and particles covering the base transducer, while a 3 cm layer is used in
the second calibration trial. The calibration factors calculated from similar trials are shown
in Figure 2.9. These calibration factors can be checked if the pressure is known at two or
more points in an experiment. Such data indicates that the transducer calibration varies

negligibly (within 2%) between experiments.

2.1.6 Geotechnical centrifuge. The facility used for the experiments at high

centrifugal acceleration is operated by Caltech for civil engineering research. This facility is

9 Ref. PCB literature.



equipped with a Genisco Model A1030 centrifuge (Figure 2.6). This machine has a
nominal rotor radius of 1 meter and is rated to 175g. For the present study, experiments
have been conducted at 7g to 100g, With experiments being repeated at 10g and 100g.
Electrical sliprings built into the centrifuge driveshaft allow remote control of the
experiment and collection of data while the centrifuge is in motion. Rotary couplings for
two pneumatic lines are also available. One pneumatic line is used to release the diaphragm
cutter, while the other is used to measure the ambient pressure outside the test cell. (The
method used to conduct high-speed photography in the centrifuge is described later in this

chapter.)

2.2 Description of Materials in the Experiments

2.2.1 Volatile component (Test fluid). The fluids which serve as the vapor source in
the experiments are chlorinated fluorocarbons which have been developed as nontoxic,
nonflammable refrigerants. Refrigerants with room temperature vapor pressure above one
bar but below the apparatus design limit are used; they are Dichlorodifluoromethane
(CCl1,F3), commonly known as Refrigerant 12 (R12), and dichlorotetrafluoroethane
(C2ClyFy), commonly known as Refrigerant 114 (R114). The experiments are conducted
with fluids manufactured for use in refrigeration equipment, which are filtered using a
Nupro 0.5 um sintered 316 stainless steel filter. The reference properties of these fluids

(saturation condition at 300K) are listed in Table 2.1.

Table 2.1: Properties of saturated refrigerants at 300K.

Refrigerant R12 (CCLF, | R114 (C,CLF,)
Vapor Pressure (Py) | 6.85 bars 2.23 bars
Density (Liquid, pp)| 1.31 g/cc 1.456 g/cc
(Vapor, py)| 0.0391 g/cc 0.0167 g/cc
Viscosity (Liquid, p)| 0.214 cp 0.36 cp
(Vapor, uy)| 0.0123 cp 0.0112 cp
Surface Tension (o) 9 dynes/cm 12 dynes/cm




2.2.2 Non-volatile component (Glass particles). The monodisperse glass spheres!0
used in the experiments are the same as those used by Anilkumar (1989). Relatively large
particles (0.5 mm nominal diameter) compensate for the low resolution of 16 mm high-
speed films. However, the effects due to the finite test cell diameter is not considered to be

significant because the particle diameter is only 2% of the diameter.

Table 2.2: Properties of spherical glass particles used in the experiments.*

Material Dragonite (Leaded Glass)
Density, pp 2.95 g/cc
Diameter 0.5 mm (nominal)

(Sieved) 0.425- 0500 mm  (5.9%wt)
0.500 - 0.589 mm (93.6%wt)
0.589 - 0.701 mm  (0.5%wt)

*Note: This data does not apply to experiments JUL26-2, JUN27-1, and MAR4-3/4/5.11

The particles selected for this study are negatively buoyant in the volatile liquid and
remain packed at the bottom after the test cell is filled with liquid. The void fraction of the
packed particles is between 0.35 and 0.401 12 This value is consistent with the value, 0.32,
which can be calculated for monodisperse spheres in body-centered cubic arrangement. In
addition, the value of 0.4 is often used for packed spherical particles. Since the test cell has
a constant internal diameter, the particle number can be specified by the depth of packed
particles in the test cell. The particle depth before and after the experiment, h; and hp

respectively, are recorded in every experiment. The length of the test cell cavity (hg)!3 is

10 This means that the diameter of the glass spheres are distributed around one nominal diameter.

11 JUL26-2, JUL27-1, and MAR4-3 are experiments conducted with 1 mm monodisperse spheres of the
same material. MAR4-4 uses 50% of each diameter, i.e., bidisperse glass spheres. MAR4-5 is
conducted with beach sand.

12 The data obtained by recording the displacement of R113 by glass particles in a 2.5 cm L.D. graduated
cylinder.

13 This is equivalent to the maximum possible particle depth.



determined by subtracting the depth of the R113 layer used to insulate the endwall pressure

transducer!4 from the length of the test cell.

Particle depths are measured using a device consisting of a 1.25 cm diameter, 92 cm
long wooden rod (dowel stick) with a 2.5 cm cardboard disk at one end. This device is
inserted down the open end of the test cell to remove any particles clinging to its walls
while packing the particles against the bottom. With the device resting inside the test cell,
the point on the rod which is level with the upper end of the test cell is marked. The
distance between the lower surface of the cardboard disk and the mark on the rod is
measured with a ruler to the nearest 0.5 mm. The particle depth is obtained by subtracting
this distance from hg. The standard deviation of repeated measurements is less than 1 mm,
and the maximum deviation from the mean rounded to the nearest 0.5 mm does not exceed

1 mm.

2.3 Typical Experimental Procedures

Before an experiment is carried out, the pressure transducers are calibrated with the
R113 layer in the test cell. The particles, which have been sorted by sieves of 0.425 mm
and 0.701 mm, are then poured into the open test cell. After the test cell is sealed with the
diaphragm, it is pressurized by opening the connection to the test fluid reservoir. (Purging
the test cell with the test fluid has been found to produce no noticeable difference, and the
practice has been discontinued.!3) The flow of liquid is carefully metered to minimize
mixing with the R113, and the liquid is added until the surface is about 1 cm above the
particles. One to two minutes after the liquid supply line has been closed, the vapor

pressure of the liquid in the test cell is measured using a pressure gauge opened to the test

14 The depth is typically less than 3 cm but must be greater than 2 cm. The interface between the clear test
fluid and the dyed R113 must be visible while filling the test cell with the former in order to check for
mixing and contamination of the test fluid by R113. About 2 cm of the Pyrex section at both ends is
blocked from view by the flanges.

15 Air cannot be purged effectively from the particle bed. Evacuation of the test cell to remove this air
produces undesirable evaporation and cooling of R113.



cell. Since the vapor pressure varies with temperature, it is used to indicate whether the test
fluid has remained near room temperature during the filling process. Any pockets of vapor
which are not displaced out of the particle bed by the liquid are then eliminated by
pressurizing the test cell with nitrogen. During the pressurization process, the liquid level
first decreases as bubbles collapse. The liquid level then increases as vapor above the
liquid condenses due to the increase in pressure. It is necessary to have sufficient amount
of liquid covering the particles before pressurization so the condensed liquid, being
warmer, will remain above the room temperature liquid and remain isolated from the
particles. The experiment is performed immediately to minimize the amount of heat transfer

across the stratified liquid layer above the particles.

Pressurizing the test cell to a level above the test fluid vapor pressure improves the
experimental repeatability in two ways. First, the procedure provides a control over the
amplitude of the rarefaction wave generated by diaphragm rupture. Since the amplitude is
determined by the pressure difference across the diaphragm before the rupture, the test cell
pressure is set to a level higher than the vapor pressure and the diaphragm is ruptured by
the means independent of pressure. Secondly, the procedure eliminates random vapor
pockets in the particle matrix trapped by the liquid. In the absence of vapor, the liquid
fraction of the particle bed is known from the particle packing geometry. It is clear that
nucleation-sites in the particle bed are not entirely eliminated by pressurization since high-
speed photographs show bubbles forming immediately after depressurization. Whether the

pressurization eliminates any nucleation sites for vapor bubbles is not known.

The experiment is initiated by electrically activating a solenoid valve in the pneumatic
system which operates the diaphragm cutter. The electricity to the solenoid may be
manually switched on if there are no critical timing requirements. As discussed previously,
the pneumatic system drives the knife blades in the 1g Apparatus and releases the cutting

arm in the Hi-g Apparatus. Upon diaphragm rupture, the drop in exit pressure produces a



drop in transducer output voltage which triggers the oscilloscope. Therefore, timing is not
essential for experiments instrumented only by an oscilloscope connected to the pressure
transducers. A Nicolet 4094 oscilloscope is used to record 16 kilobytes of data from the
exit and base transducers at 5 kHz sampling rate.16 By using the pretrigger mode, the
oscilloscope records data which begin 200 ms before the drop in exit pressure. The voltage

level corresponding to the test cell pressure before depressurization is used as a baseline.

2.4 High-Speed Photography

High-speed photography has been conducted to study the details of several
representative experiments. The procedures for these experiments differ from others in that
the cameras must be brought to speed before the test cell is depressurized. The
configuration of the equipment and the procedures used to conduct photography of the

experiments are described below.

2.4.1 Illumination of the test cell. The side views of experiments by Hill (1990) are
backlit to reduce the illumination required to produce a high contrast image of the
phenomenon. Unfortunately, glass particles scatter almost as much light as the aerosol
particles produced by the explosive vaporization of liquid. Therefore, backlighting does
not produce significant contrast between glass particles and the aerosol particles. For this
reason, the test cell has been illuminated from the front to rely on reflectivity to distinguish
features inside the test cell. The contrast of the images on the film is increased, with slight
loss in resolution, by pushing it one stop. Since glass and aerosol particles are reflective, a
dark backdrop has been used. Therefore, dark areas in the photographs are regions with

only vapor or undisturbed liquid.

2.4.2 Wide-angle photography of 1g experiments. The high-speed photography of
experiments FEB15-2, FEB20-2, FEB20-4, FEB22-3, and FEB23-3 focuses on the

16 At this setting, each record covers approximately 1.5 seconds. A faster sampling rate by the Nicolet
reduces the length of the record to less than 0.8 second, which is less than optimum for the experiments.



difference in behavior caused by reservoir pressure. The motion pictures of these
experiments are filmed with a Redlake Hycam II 16 mm, rotating prism camera. In these
experiments, the camera is positioned 60 cm from the test cell in order to photograph about
35 cm of the 44 cm test cell using a Pailard-Bolex Switar 50 mm lens. Two Berkeley
Colortran 104-051 photoflood fixtures, each with a Sylvania FCM-type 1000 watt tungsten
halogen lamp, are mounted at 45 degrees above and below the camera axis to alleviate the
glare of direct reflection by the test cell (Figure 2.10). The illumination is sufficient to film
at 4000 frames per second, with the lens aperture at f/8, using Eastman 7222 film pushed
to 400 ASA.

In experiments involving the Hycam camera, the experiment is initiated by starting up
the camera. When the proper film speed has been achieved, the Hycam camera triggers the
solenoid valve, activating the diaphragm cutting mechanism. In order to film the
experiment at 4000 frames per second, the camera is set to trigger the mechanism after 36
feet of film has been exposed. Unlike the Fastax camera used in the centrifuge
experiments, the Hycam camera maintains nearly constant film speed after accelerating to
the desired film speed. At 4000 frames per second, about 700 ms can be filmed with a 100

foot roll of film; this is sufficient for filming a complete experiment.1?

The high-speed motion picture and the oscilloscope record of the experiment are
correlated by a timing mark exposed on the film by the Hycam camera when the Nicolet
oscilloscope is triggered. Additional marks are exposed at 1 millisecond intervals by a
flashing LED inside the camera. These millisecond timing marks, instead of the nominal
framing rate, are used when correlating the motion picture images to changes in pressure

recorded by the oscilloscope.

17 The pressure recordings of earlier experiments are used to approximate the duration of the filming..



The wide-angle motion pictures are complemented by 35 mm still photographs shot at
1/4000 second shutter speed. A Nikon FE camera with MD-12 motor drive attachment is
used to obtain photographs at 0.3 second intervals. By incorporating a mirror in the optical
path of the Nikon camera, the full test cell length has been photographed along nearly the
same line of sight as the Hycam camera. A Nikon 50 mm {/1.2 lens with the aperture set at
£/5.6 exposes Kodak T-Max 400 B/W negative film. Timing for these photographs is
controlled by a solid state time delay relay. This device starts the Nikon motor drive 0.9
seconds after the Hycam camera, about 0.1 second before the test cell is depressurized.
Due to the delay in the motor drive, first image recorded by the Nikon occurs about 0.2
seconds after depressurization of the test cell. At this point in the experiment, the activity in

the test cell has slowed sufficiently for the photographs to be essentially free of blurs.

Only the 35 mm still photography have been conducted for experiments FEB20-3X,
FEB21-1, FEB23-4, FEB23-5, and MAR4-2. Since the low framing rate of the Nikon
camera could produce uncertainties regarding the processes being photographed, a
shuttered video camera is used when interpreting the photographs from these experiments.
These video footages are compared to footages of the wide-angle high-speed motion picture
experiments due to the poor resolution of the images. Otherwise, the videotapes have not

been used for scientific purposes in this study.

2.4.3 Close-up photography of 1g experiments. Experiments FEB27-3, FEB28-2,
and FEB28-3 have been conducted to produce close-up motion pictures of the processes
observed in the Series 1 experiments. Close-up photography is achieved by placing the
Hycam camera 0.5 meter from the test cell, and the image is magnified with a Nikon 85
mm f/2 lens mounted on a 4 cm extension tube.!8 This arrangement produces a field of
view which covers a 5 cm section of the test cell and 0.1 mm features can be resolved.

The light sources are arranged closer to the test cell to concentrate the light in a smaller area

18 This extension is obtained using a 1 cm extension tube and a F-C lens mount adapter.



(Figure 2.11). The illumination is sufficient for exposing Eastman 7222 film, pushed to
400 ASA, at 5000 frames per second. Due to the higher film speed, 48 feet of the film is
expended during acceleration, and 400 ms of the experiment can be filmed with a 100 foot

roll of film.

The test cell used in the close-up photography is equipped with a flat glass panel to
reduce glare and refraction. The sealed space between a flat panel and the Pyrex pipe is
filled with glycerol, which has an index of refraction close to glass, in order to eliminate
internal reflections. Since the flat panel is fitted to a 15 cm long pipe section, another 15
cm pipe section is added between it and the service assembly. This arrangement maintains
the distance between the particles and the test cell exit found in the wide-angle photography
experiments. In order to film a compiete experiment, the duration of the experiment is
shortened by reducing the initial depth of particles (h;) to 9 cm from 21.5 cm used in the

earlier motion picture experiments.

2.4.4 High-speed photography in the centrifuge. Experiments JUL7-5 and JUL7-7
are experiments involving the rapid vaporization of R12 at 100g and 10g, respectively,
using a 47 cm test cell. High-speed motion pictures of these experiments have been filmed
with a Fastax 16 mm, rotating prism camera with a 25 mm lens. The particular camera has
been modified to alleviate problems with the Coriolis force acting on the film. As shown in
Figure 2.12, the camera is mounted near the centrifuge axis to minimize the effects of
rotation. A flat mirror is used to reflect the image of the test cell to the camera via a
periscope adjacent to the camera. The camera is powered by 65 VAC using a variable step-
down transformer. The camera is allowed to accelerate for 1 second before compressed air
is supplied to the pneumatic cylinder which releases the diaphragm cutter.® Total time
between powering up the camera and the test cell depressurization is approximately 1.25

seconds. This delay allows acceleration of the framing rate to over 1000 per second. Since

19 A solid state time delay relay in the camera electrical supply actuates a solenoid valve.



the film speed is not regulated by the camera, a 1 kHz LED blinker inside the camera is

used to mark the film at 1 ms intervals.

The test cell is illuminated by a single 1000 watt tungsten halogen lamp mounted in a
Berkeley Colortran 104-051 fixture. Since the illumination axis and the photographic axis
are close together, the light reaches the test cell through the same flat mirror used to reflect
the image toward the camera. The periscope is used to offset the axis of the illumination as
much as possible from the optical axis of the camera within the confines of the centrifuge;
this minimizes direct reflection of the light by the glass sides of the test cell. The
illumination requires the lens aperture to be set at /2.8 for exposing Eastman 7222 B/W

negative film, pushed to 400 ASA during processing.

2.5 Summary

The test conditions and the instrumentation used in the experiments conducted for this
study are summarized in Table 2.3 below. Run No. designates an experiment by its date
and order. The particle diameter is given in millimeters in the next column. RPM is the
rotational speed of the centrifuge in revolutions per minute; zero is the normal gravitational
condition, 291 is approximately 100g, and 101 is approximately 10g. Reservoir pressure
is P-Res, and the vapor pressure of the test fluid is P-Vap. hg is the depth of the test cell
cavity, h; is the initial depth of the particles, and h; is the final depth of the particles. Cat
refers to the experiment category used in a later discussion. Press. Data is the pressure
data recorded by the oscilloscope; B is the base pressure and E is the exit pressure. Photo
refers to the type of photography conducted in the experiment: 16 mm motion picture, 35

mm still photography, or both.



Table 2.3: Experimental conditions and instrumentation.

Run No. | Test Fluid| RPM |P-Res.|P-Vap.| hO hl h2 | Cat | Press. | Photo. Comments
Particle Dia (bar) | (bar) | (cm) | (cm) | (cm) Data
l
1989 Experiments:

1 |JUN2-9 R12, 0.5]214.0| 1.0 | 653 | 285 [ 2.0 1.2 B/E Nicolet: Low sampling rate.
2 |JUN4-11 R12,05]160.0| 1.0 | 794 | 470 | 146 | 3.5 4 B/E Premature diaphragm rupture.
3 |JUNS-2 R12,0.5]187.0| 1.0 | 6.81 | 47.0 | 135 | 4.7 4 | BJE Premature diaphragm rupture.
4 {JUNS-3 R12,05(292.0| 1.0 | 672 | 470 | 13.5 | 6.8 4 | BIE OK (Evaluation run)

5 {JUNS4 R12, 051600 1.0 | 6.74 | 47.0 | 135 | 45 4 | BEE Premature diaphragm rupture.
6 {JUNS-5 R12, 0.5] 0.0 10 | 681 | 470 | 13.6 | O.1 B/E Centrifuge off.

7 |JUNS-10 R12, 0.5]293.8| 1.0 | 725 | 307 | 6.7 3.7 4 | BE OK (Evaluation run)

8 |JUNS-11 R12, 0.51289.7| 1.0 | 7.27 | 447 | 12.1 | 6.6 4 | BJE OK (Evaluation run)

9 |JUN7-2x |R12,05(101.0| 1.0 | 7.17 | 447 | 214 | 2.2 4 | BE Repeated run (glitch in scope)
10 |JJUN7-3 R12, 052908 | 1.0 | 744 | 447 | 213 | 6.5 4 | BE OK

11 JJUN7-4 R12, 052917 1.0 | 7.10 | 447 | 21.5 | 6.5 4 | BIE OK

12 |JUN7-5 R12, 05]291.0| 1.0 | 726 | 447 | 21.4 | 6.6 4 | B/E |16 mm|OK

13 [JUN7-6 R12,05]101.0| 1.0 | 7.22 | 447 | 214 | 2.1 4 Scope did not trigger

14 |JUN7-6x R12,05]101.8| 1.0 | 7.18 | 447 | 213 | 22 | 4 | B/E OK

15 [JUN7-7 R12, 0511020 1.0 | 733 | 447 {213 | 22 | 4 | B/E |16 mm|OK

16 |JJUNS-2 R12, 052902 1.0 | 733 | 447 | 404 | 6.3 4 | BE OK

17 |JUNS-3 R12,05]289.2| 1.0 | 733 | 447 | 300 | 58 4 | B/E Premature diaphragm rupture.
18 |JUN8-4 R12, 0.5]292.0| 1.0 | 731 | 447 | 6.7 4.7 B/E OK

19 |JUN8-5 R12, 05| 102.5| 1.0 | 7.29 | 44.7 | 404 | 2.1 4 | BEE OK
20 JJUN8-6 R12, 05| 61.0 | 1.0 | 725 | 447 | 302 | 09 4 | BEE Premature diaphragm rupture.
21 |JUN8-7 R12, 052920} 1.0 | 722 | 447 { 32 2.8 B/E Scope: 50 kHz sampling rate
22 |JUNS-8 R12, 05| 102.0| 1.0 | 7.08 | 447 | 3.2 1.1 B/E OK
23 |JUN9-2 R114, 0.5/ 290.8 | 1.0 | 2.21 | 47.0 | 13.5 | 12.2 B/E No R113 (Evaluation run)
24 |JUN9-3 R114, 0.5/ 102.2| 1.0 | 222 | 470 | 136 | 28 B/E No R113 (Evaluation run)
25|JUN94  [R114, 0.5| 0.0 10 | 222 | 470 | 147 | 85 B/E Bad diaphragm (50% open)
26 | JUN9-5 R114, 0.5] 0.0 1.0 | 222 | 470 | 135 | 98 B/E Bad diaphragm (50% open)
27 JJUN9-6 R114, 0.5] 101.6 | 1.0 | 222 | 47.0 | 9.8 6.5 1 B/E OK
28 |JUN9-7 R114, 0.5/ 0.0 10 | 222 | 470 | 6.5 3.9 1 B/E OK
29 |JUN9-8 R114, 0.5 0.0 1.0 | 243 | 447 | 3.9 1.4 1 B/E OK
30 |JUN9-9 R114, 0.5/ 290.3 | 1.0 | 2.01 | 44.7 | 214 | 21.1 B/E Chilled liquid remained.
31 |JUN9-10 |R114, 0.5| 0.0 10 | 215 | 447 | 213 | 26 1 B/E OK
32 |JUN9-11x [R114, 0.5| 101.4| 1.0 | 222 | 447 | 213 | 5.0 B/E Repeated run (bad diaphragm)
33|JUN9-12 |R114, 0.5{ 101.8 | 1.0 | 222 | 447 | 213 | 55 1 B/E Scope: 10 kHz sampling rate
341JUN9-13 |R114, 0.5| 101.7| 1.0 | 222 | 447 | 300 | 8.1 B/E Bad diaphragm (50% open)
35]JUN9-14 |R114, 0.5{ 101.3 | 1.0 | 2.22 | 447 | 300 | 84 B/E Bad diaphragm (50% open)
36 |[JUN9-15 |R114, 0.5 101.3| 1.0 | 222 | 447 | 300 | 123 B/E Bad diaphragm (25% open)
37 |JUN9-17 |R114, 0.5| 0.0 1.0 | 222 | 447 | 213 | 1.8 1 B/E Bad diaphragm (leaks)
38 [JUN9-18 |R114, 0.5/ 289.3 | 1.0 | 222 | 44.7 | 246 | 23.9 B/E Chilled liquid remained.
39 |JUL26-1 R114, 0.5/ 0.0 10 | 243 | 450 | 21.8 | 1.1 1 OK; Confirmation of results
40 |JUL26-2 |R114, 1.0| 0.0 1.0 | 243 | 472 | 224 | 33 3 Bad diaphragm (50% open)
41 |JUL27-1 R114, 1.0 0.0 1.0 | 243 | 440 | 387 | 34 3 1 mm particle result




Run No. ] Test Fluid] RPM | P-Res.|P-Vap.| hO hl h2 | Cat. | Press. | Photo. Comments
Particle Dia (bar) | (bar) | (cm) | (cm) | (cm) Data
j
1590 Experiments:

42 |JAN17-5 |R114, 0.5] 0.0 1.0 | 2.00 | 439 | 22.1 22 2 Inadvertent diaphragm rupture.
43 |JAN17-5x |R114, 0.5] 0.0 1.0 | 2.07 | 439 | 22.1 22 2 B/E OK (Evaluation run)
44 |{JAN17-6 |R114, 0.5] 0.0 1.0 | 243 | 439 | 2211 2.4 2 B/E OK (Evaluation run)
45|JAN17-7 |R114, 0.5 0.0 1.0 | 243 | 439 | 22.1 23 2 B/E OK (Evaluation run)
46 |JAN18-2 |R114, 0.5 0.0 1.0 | 242 | 439 | 221 24 2 B/E OK (Evaluation run)
47 |JAN18-3 R114, 05} 0.0 1.0 | 243 | 439 | 221 23 2 B/E OK (Evaluation run)
48 |JAN184 |R114, 0.5|] 0.0 1.0 | 243 | 439 | 22.1 1.1 2 B/E OK (Evaluation run)
49 |JAN18-5 |R114, 0.5| 0.0 0.6 243 | 439 | 22.1 1.9 2 B/E OK (Evaluation run)
50 |JAN19-2 |R114, 0.5 0.0 06 | 222 | 439 | 22.1 32 2 Bad diaphragm (50% open)
51 |JAN19-2x |R114, 0.5 0.0 06 | 2.11 | 439 | 22.1 21 2 B/E Bad diaphragm (25% open)
52 |JAN19-3 |R114, 0.5] 0.0 06 | 243 | 439 | 22.1 1.6 2 Scope did not trigger
53 |JAN19-3x |R114, 0.5/ 0.0 06 | 226 | 439 | 22.1 1.5 2 B/E OK (Evaluation run)
54 [JAN22-1 R114, 0.5| 0.0 1.0 | 243 | 470 | 155 1.9 2 B/E No R113 (Evaluation run)
55}JAN22-2 |R114, 05| 0.0 06 | 2.13 | 470 | 155 1.7 2 B/E No R113 (Evaluation run)
56 |JAN22-3 (R114, 0.5| 0.0 0.0 | 247 | 470 | 155 1.4 E No R113 (Evaluation run)
57 {JAN224 |R114, 05| 0.0 1.5 2.60 | 47.0 | 22.1 | 20.0 B/E No R113 (Evaluation run)
58 JJAN25-3 |R114, 0.5] 0.0 14 | 264 | 439 | 318 | 6.1 B/E OK
59 |JAN254 |R114, 0.5{ 0.0 17 | 240 | 435 | 17.7 | 183 B/E OK
60 |JAN25-5 |R114, 0.5] 0.0 15 268 | 439 | 156 | 119 Inadvertent diaphragm rupture.
61 |JAN25-7 |R114, 0.5] 0.0 17 245 | 439 | 22.1 | 20.2 B/E OK
62 |[JAN25-8 |R114, 0.5 0.0 19 2.68 | 439 | 221 | 2.7 B/E OK
63 |JAN25-9 |R114, 0.5] 0.0 1.5 2.64 | 439 | 22.1 5.6 B/E OK
64 1TAN25-10 IR114, 0.5] 0.0 .1 244 | 439 ; 220 ;| 22. B/E OK
65 {FEB15-2 |R114, 05| 0.0 16 | 243 | 435 | 215 | 215 B/E | Both |OK; wide-angle photography
66 |[FEB20-2 |R114, 0.5 0.0 14 | 265 | 440 | 215 | 6.6 B/E | Both |OK; wide-angle photography
67 |[FEB20-3 |R114, 0.5] 0.0 1.5 264 | 440 | 215 | 199 Premature diaphragm rupture.
68 |[FEB20-3x |R114, 0.5{ 0.0 1.5 2.68 | 440 | 215 ] 15.2 B/E |35 mm/|16 mm film destroyed.
69 |[FEB204 |R114, 0.5| 0.0 0.6 | 2.51 | 440 | 215 1.9 2 B/E | Both |OK; wide-angle photography
70 |FEB21-1 R114, 0.5 0.0 2.1 249 | 440 | 215 | 215 B/E |35 mm|OK; videotaped
71 {FEB22-2 R12, 0.5 0.0 06 | 6.13 | 440 | 215 1.1 5 B/E OK; new test fluid
72 |FEB22-3 R12, 05| 00 1.0 | 677 | 440 | 215 1.4 5 B/E | Both |OK; wide-angle photography
73 |FEB224 R12, 0.5| 0.0 14 | 6.60 | 440 | 215 1.1 5 B/E OK
74 |FEB23-2 R12, 05| 0.0 2.8 672 | 440 | 215 | 20 B/E OK; videotaped
75 |FEB23-3 R12, 05| 0.0 3.1 676 | 440 | 215 | 24 B/E | Both |OK; wide-angle photography
76 |FEB234 R12, 0.5| 0.0 2.1 6.53 | 440 | 218 1.3 5 B/E |35 mm{OK
77 |\FEB23-5 R12, 0.5 00 10 | 676 | 440 | 215 | 09 5 B/E |35 mm|OK; videotaped
78 {FEB23-6 R12, 0.5| 0.0 10 | 653 | 440 | 5.1 0.5 B/E OK
79 |FEB23-7 R12, 05| 0.0 10 | 671 | 259 | 176 | 09 5 E OK; short test cell.
80 |FEB27-3 R12, 0.5| 0.0 10 | 665 | 296 | 8.9 0.8 5 B/E |16 mm|OK; close-up photography
81 |FEB28-2 |R114, 0.5{ 0.0 1.6 | 279 | 30.1 9.0 2.8 B/E |16 mm|OK; close-up photography
82 |[FEB28-3 |R114, 0.5 0.0 0.6 | 2.67 | 30.1 9.0 1.1 2 B/E |16 mm|OK; close-up photography
83 IMAR4-2 R114, 0.5 0.0 16 | 264 | 440 | 400 | 84 B/E |35 mm|OK; wide-angle photography
84 |MAR4-3 R114, 1.0 0.0 1.6 271 | 440 | 400 | 11.5 B/E OK; larger particles
85 |MAR4-4 |R114,Mix{ 0.0 16 | 264 | 440 | 400 | 79 B/E OK; bidisperse particles
86 [MAR4-5 RI114,Sand 0.0 1.6 264 | 440 | 400 | 11.4 B/E Sand not saturated w/liquid.
87 [MAR20-3 |R114, 0.5{ 0.0 1.0 253 | 440 | 357 1.1 2 B/E OK
88 IMAR20-4 ([R114, 0.5| 0.0 10 | 270 | 440 | 264 1.9 2 B/E OK
89 IMAR20-5 |R114, 0.5/ 0.0 1.0 263 | 440 | 86 13 2 B/E OK
90 IMAR20-6 |R12, 0.5{ 0.0 10 | 6.59 | 440 | 400 1.1 S B/E OK
91 [MAR20-7 |R12, 0.5] 0.0 10 | 676 | 440 | 300 | 09 5 B/E OK
92 {IMAR20-8 |[R12, 0.5 0.0 1.0 676 | 440 | 204 | 09 5 B/E OK




Run No. |Test Fluid| RPM |P-Res.|P-Vap.]| h0 | hl Press. Comments
Particle Dia (bar) | (bar) | (cm) | (cm) Data
| [

MAR20-9 |R12, 05| 0.0 10 | 676 | 44.0 | 100 B/E OK
MAR20-10 |R12, 0.5| 0.0 00 | 676 | 440 | 7.5 Inadvertent diaphragm rupture.
MAR20-11 |R12, 0.5] 0.0 10 | 656 | 440 | 5.0 B/E OK
MAR20-12 |R12, 0.5] 0.0 10 | 669 | 440 | 25 B/E OK(?); R113 and R12 mixed?
APRS-1 R12, 0.5{ 0.0 10 | 631 | 89.6 | 21.6 5 B/E OK; longest test cell.
APRS-3 R12, 0.5 0.0 1.0 | 663 | 89.6 | 215 5 B/E OK; longest test cell.
APRS-5 R12, 0.5/ 0.0 10 | 668 | 59.2 | 21.8 5 B/E OK; long test cell,
APR5-6 R12, 0.5] 00 10 | 6.69 | 59.2 | 215 S B/E OK; long test cell.
APR5-7 R12, 0.5( 0.0 10 | 663 | 240 | 214 5 E Ok; short test cell.
JUNT7'-3 R12, 0.5{ 0.0 1.0 6.7 132 | 74 E OK; 500 kHz sampling rate
JUNT'4 R12, 0.5| 0.0 1.0 6.7 132 | 7.8 E OK; 1 MHz sampling rate
JUN7'-5 R12, 05| 0.0 1.0 6.7 132 | 93 E OK; 2 MHz w/o insulation
JUN11-5 Ri2, 0.5) 0.0 1.0 6.7 132 | 92 E OK; insulated exit transducer
JUN11-7 R12, 05| 0.0 1.0 6.7 132 | 93 B/E OK; insulated exit transducer
JUN11-8 R12, 0.5 0.0 10 6.7 132 | 9.0 B/E OK; insulated exit transducer
JUN26-2 |RI12, 05| 0.0 10 | 676 | 132 | 8.0 B/E OK; insulated exit transducer
JUN26-3 R12, 05| 0.0 10 | 675 | 132 | 85 E OK; insulated exit transducer
JUN26-4 R12, 0.5 0.0 10 | 669 | 132 | 9.0 B/E OK; insulated exit transducer
JUN26-5 |R114, 0.5 0.0 10 | 262 | 132 | 9.0 B/E OK; insulated exit transducer
JUN26-6 |R114, 0.5 0.0 1.0 26 | 132 | 10.0 B/E OK; insulated exit transducer
JUN29-1 R114, 0.5| 0.0 0.6 2.6 13.2 9.0 B/E OK; insulated exit transducer
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Figure 2.1 Schematic drawing of the basic rapid vaporization apparatus.
The equipment used to handle the test fluid, shown to the left of
the test cell, is essentially the same for the two appartuses used in
the study; the test fluid flows into the test cell by gravity.
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Figure 2.2 Basic layout of the 1g Apparatus. This apparatus was
constructed by Hill (1990) for the study of evaporation waves.
It is used in the present work to perform experiments at normal
gravitational conditions. The pressure downstream of the test
cell can be varied with this apparatus. See Figure 2.4 for a
detailed drawing of the test cell.
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Figure 2.3 Partial cross-section of the Hi-g Apparatus. "A" is the outline of
one of two Destaco clamps used to hold the diaphragm sealing the
test cell (B). "C" is the arm of the diaphragm cutter which pivots
about a bearing on the left end. "D" is the outline of the
diaphragm cutter release mechanism. The interior geometry of the
test cell is identical to that used by Hill (1990).
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Figure 2.4  Cross-section of the test cell used in the rapid vaporization

experiments. The transparent walls of the Pyrex pipe facilitate
photography of the phenomena occurring inside.
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Examples of exit pressure measurements. The time span shown in these
plots are much shorter than typical experiment duration; data sampling rate
is 2 MHz. In one trace, that of experiment JUN7(90)-5, the transient
responses to particle impacts is recorded after 4 ms. The other trace, that of
JUN11(90)-5, is the signal for an identical experiment obtained from a
transducer with Neoprene insulation. Insulation damps out the particle
impacts, and it may also be responsible for the 0.2 ms delay in the signal.
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Figure 2.6 Arrangement of equipment in the Genisco centrifuge. Venting
mechanism (B) and the test cell (C) are mounted on a swinging
cradle (A) at the end of the rotor. During operation, the cradle
swings out to position A'. In this position, the mirror (outlined
at D) allows photography by cameras at E (see Figure 2.12 for
details). The hollow driveshaft (F) houses electrica